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Abstract
A low cost, electrochemical HIV DNA biosensor was investigated using hairpin
DNA probes immobilized on carbon nanoﬁbers. The basic biosensor model, as
well as electrochemical and optical based biosensor techniques, were explored.
The electrochemical and optical techniques were evaluated for use in low-cost
HIV DNA detection.
A resistive based electrochemical technique was chosen to detect the presence
of HIV single stranded DNA. A carbon nanoﬁber mat was used as the selected
transducer, with hairpin probe DNA immobilized by self assembled monolay-
ers. The self assembled monolayers were formed by gold-thiol bonding where
gold was sputter coated onto the carbon nanoﬁbers. The immobilization of the
hairpin probe was validated by use of a ﬂuorescent label and confocal micros-
copy.
A high precision and low current sensing circuit was designed to detect the
change in resistance of the transducer during a hybridization event. A user
friendly graphic user interface was designed to conduct, display and record all
data during testing. A ferrocene labelled hairpin probe was used for all elec-
tronic based testing. It is believed that a ferrocene modiﬁcation will increase
electrochemical reactions in biosensors.
It was found that the designed hairpins operated as expected during ﬂuo-
rescent based testing, but it was not possible to obtain an electronic signal.
Various post processing methods were explored to increase the chance of de-
tection of HIV DNA and it was found that the sensor was able to detect the
addition of a sample solution, but not necessarily HIV DNA.
Various optimizations and alternative solutions were suggested and it is be-
lieved that, with some minor changes, a resistive based biosensor to detect
HIV DNA is very possible.
ii
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Opsomming
'n Lae-koste elektrochemiese MIV DNS biosensor is ondersoek deur middel
van haarnaald DNS probes wat aan koolstof nanovesels vasgeheg was. Basiese
biosensor modelle, insluitende elektrochemiese en optiese tegnieke, was onder-
soek. Die elektrochemiese en optiese tegnieke is geevalueer vir lae-koste MIV
DNS herkenning.
Dit was gekies om gebruik te maak van 'n elektriese weerstand-gebaseerde
elektrochemiese meet tegniek om die teenwoordigheid van enkelstring MIV
DNS te bepaal. 'n Laag van koolstof nanovesels is gekies as koppelvlak, met
DNS haarnaald probes daaraan geheg deur middel van 'n molekulere enkellaag.
Die enkellaag is gevorm deur middel van goud-tiol bindings, waar die goud
deur 'n plasma deponeeringsproses op die nanovesels neergele is. Fluoressente
merkers en gefokusde ﬂuoressensie mikroskopie is gebruik om die suksesvolle
aanhegting van die haarnaald probes te ondersoek en veriﬁeer.
'n Hoe-akkuraatheid en laestroom meetbaan is ontwerp om die weerstands-
verandering in die nanovesel laag waar te neem gedurende die hibridisering-
sproses. 'n Gebruikersvriendelike graﬁese koppelvlak is ook ontwerp om alle
gemete data aan 'n gebruiker te vertoon en te stoor vir latere verwerking.
Alle elektroniese toetse het gebruik gemaak van ferroseen-germekte haarnaald
probes omdat daar geglo word dat elektrochemiese reaksies in biosensors ver-
hoog word deur ferroseen aanpassings.
Die ontwerpte haarnaald probes het soos verwag opgetree gedurende ﬂuoressensie-
gebaseerde toetse, maar geen ooreenstemmende elektriese verandering kon
gemeet word nie. Verskeie verwerkingsprosesse is ondersoek om die waarskyn-
likheid dat MIV DNS opgemerk word te verhoog, maar daar is gevind dat die
sensor die toevoeging van 'n monster oplossing kon meet, maar nie noodwendig
die teenwoordigheid van MIV DNS nie.
Verskeie optimerings en alternatiewe oplossings is voorgestel en daar word ge-
glo dat dit baie moontlik is om met klein veranderings 'n eﬀektiewe weerstand
sensor vir MIV DNS te realiseer.
iii
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Chapter 1
Introduction
1.1 HIV (Human Immunodeﬁciency Virus)
"According to UNAIDS (The Joint United Nations Programme on HIV and
AIDS), there are approximately 7 million people living with HIV in South
Africa and whilst diagnosis rates have improved signiﬁcantly since 2000, ap-
proximately 1.7 million people remain undiagnosed. Early HIV diagnosis is
vital, so that eﬀective treatment can be administered to protect your health
and to prevent onward transmission. Most people lead long and normal lives
with early detection and appropriate treatment. Late diagnosis can result in
unnecessary illness and reduce your life expectancy. People who remain un-
aware of their HIV status are unknowingly the source of the majority of new
infections."[1].
An advisory panel that is part of UNAIDS established a revolutionary target
called, "cascade" in order to beat AIDS (Acquired Immunodeﬁciency Syn-
drome) by 2030. The target consists of the "90, 90, 90 Goals" which aim to
be achieved by 2020. The "90, 90, 90 Goals" to be achieved are:
 90% of all people living with HIV will know their HIV status.
 90% of all people with diagnosed HIV infection will receive sustained
antiretroviral therapy.
 90% of all people receiving antiretroviral therapy will have viral suppres-
sion.
By achieving these goals and ensuring diagnosis of HIV as soon as possible,
treatment can be used to prevent any further transmission. In doing so, UN-
AIDS target may be achieved and by 2030, HIV will no longer be a global
health threat[1].
1
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In the past HIV and AIDS were considered a massive threat to world health
which then socially created a stigma when dealing with HIV or AIDS. In reality,
HIV no longer poses such a great threat and treatment is readily and cheaply
available worldwide. Bridget Bard, founder and CEO (Chief Executive Oﬃcer)
of BioSure is quoted as saying, "HIV is three letters, not a sentence.". What
this means is that if a patient contracts HIV, it is no longer a death sentence
if detected early enough and proper treatment begins immediately.
Bridget Bard also stated that 30 years ago, the simple pregnancy test was
considered taboo and there was much debate as to whether patients should
be allowed to use such tests in the comfort of their own homes. Today, the
same debate has resurfaced when referring to at-home HIV self-tests. In 2016
the South African government decided to allow the use of at-home HIV self-
testing. By changing the law regarding HIV tests, this has allowed any person
in the country, the ability to test and monitor their HIV status in the privacy
of their own home. This has now opened a very important market in the phar-
maceutical industry and it has become vitally important that highly accurate
and reliable tests become available.
BioSure has stated that they are the ﬁrst and only company to provide HIV
self-tests that are FDA (Food and Drug Administration) approved, CE marked
(Conformite Europeene or European Conformity) and boast 99.7% accurate
readings after 3 months of potential infection. Most HIV self-tests are very
similar to pregnancy tests, in that the results are displayed as simple lines
consisting of a control line and a positive line that detect the presence of HIV
antibodies. A complete literature review of HIV is detailed in Section 2.2.
1.2 Biosensors
The devices used to detect HIV, pregnancy or even body temperature to name
a few are termed biosensors. A biosensor which is fully detailed in Section 2.1
is any device that couples a biological recognition element to a signal trans-
ducer which in turn creates a measurable signal.
The history of biosensors originates as far back as 1906 but was not deﬁned un-
til 1956 when Leland C. Clark, considered the father of biosensors, developed
the ﬁrst "true" biosensor that detected oxygen. Most biosensors are chemical
or optical in nature but the ﬁrst electrochemical based biosensor developed was
by Clark in 1962 and eventually the ﬁrst commercial biosensor was developed
by YSI (Yellow Spring Instruments) in 1975[2]. This implies that biosensing
and especially electrochemical biosensing is a relatively new ﬁeld and only
recently, became an emerging research and commercial ﬁeld in South Africa.
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1.3 Thesis Overview
An investigation into the possibility of designing an electrochemically reactive
biosensor by use of hairpin DNA (Deoxyribonucleic Acid) probes to detect the
presence of HIV was proposed and conducted. The electrochemical signal to
be measured is a change in resistance of a conductive carbon nanoﬁber sub-
strate.
Due to the emerging research ﬁeld of electrochemical biosensors in South
Africa, and the impact HIV has world wide, there is great interest in HIV
detection especially as a low cost, portable system. In Section 2.1, research
is conducted into what biosensors are, where they are used and the various
implementation methods of biosensors are discussed. HIV and AIDS is then
discussed in Section 2.2, where the standard HIV tests and the ethical concerns
of at home testing (rapid tests) are explained. HIV antibodies are generally
only detectable after three months of infection, termed the "window period"
and so it was decided that the direct detection of HIV DNA is investigated
in the hopes that the "window period" may be shortened. Section 2.3 covers
a brief introduction to DNA and DNA based biosensors. As mentioned, the
common rapid HIV tests generally produce a visible line to indicate infection
or no infection with no further information. By using modern electrochemical
techniques, there is a possibility that a rapid test may be able to produce
more than a binary "infected" or "not infected" result. Using electrochemical
techniques there may be a simple biosensor that can not only indicate infec-
tion, but also quantify the level of infection in comparison to measured signal
strength. By being able to quantify infection, enables the commercial use of
biosensors to be greatly increased because a patient would be able to use the
biosensor to monitor their status throughout their antiretroviral treatment.
Another beneﬁt of electrochemical biosensors is that it may be cheaper than
optical sensors to scale up production. Section 2.4 reviews a few DNA and
electrochemical speciﬁc research articles in order to get a better understand-
ing of the current research ﬁeld.
A brief background into the current research team and project outputs com-
pleted at Stellenbosch University is found in Chapter 3, which includes an E.
coli (Escherichia coli) prototype biosensor completed before research into the
current biosensor thesis began. Chapter 4 covers the theoretical proposed pro-
ject design and thereafter, all design procedures, characterizations and results
are fully detailed.
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Literature Review
2.1 Biosensors
2.1.1 Introduction
A biosensor is deﬁned as :
An analytical device composed of a biological recognition element dir-
ectly interfaced to a signal transducer, which together relate the con-
centration of an analyte (or group of related analytes) to a measurable
response. Biosensors for bacterial detection involve biological recognition
components such as a receptor, nucleic acid, or antibodies attached to
an appropriate transducer [3].
In short, a biosensor is used to detect and indicate the presence of a biological
element such as a disease, virus or speciﬁc DNA in a measurable and sensitive
manner. Biosensors have a wide range of applications from clinical through to
environmental and agricultural uses.
Industry examples of biosensors are:
 General health-care monitoring.
 Screening for disease.
 Clinical analysis and diagnosis of disease.
 Veterinary and agricultural applications.
 Industrial processing and monitoring.
 Environmental pollution control.
In the medical and clinical industry biosensors are used in everyday appli-
cations such as checking blood sugar levels in diabetes patients or detecting
4
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life threatening diseases, bacteria or viruses such as E. coli or HIV. Biosensors
can be used in the food industry to measure carbohydrates, alcohols and acids.
Quality control processing to detect pathogens in fresh meat, poultry or, ﬁsh
is one example [4].
2.1.2 Biosensor Model
Figure 2.1 depicts the basic components of a biosensor model. The ﬁrst com-
ponent is the bio-receptor or biorecognition element, which is typically an en-
zyme, antibody, microorganism or nucleic acid. The biorecognition element is
the component that reacts with the target analyte that is to be detected. The
second element of the biosensor model is the transducer. The most frequently
used transducer types are optical/light, surface potential, mass change or elec-
trochemical (current, voltage, resistance). The transducer is the component
that converts energy from the biorecognition element into a signal which can
be measured when the target analyte is present. The ﬁnal component is the
processing of the measurable signal provided by the transducer. In some cases
the transducer and the measurable signal may be the same component (i.e a
transducer that changes colour visible to the human eye), otherwise speciﬁc
circuitry and software are designed to process the signals from the transducer.
The concentration of an analyte in a given sample can often be calculated by
the level or rate of increase given by the signal. Examples are the time taken
for an output to occur, higher or lower output signals or the shade of colour in
optically based sensors. Biorecognition elements are typically adhered to the
surface of inorganic materials, which are usually the transducers, by means of
various immobilization techniques [5].
Figure 2.1: Typical biosensor model [6].
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2.1.3 Biorecognition Elements
When the ﬁrst biosensors where designed, biorecognition elements were ex-
tracted from living organisms. With recent technological advancements many
recognition elements are synthesized in a laboratory and are not naturally oc-
curring. Enzymes, antibodies and nucleic acid based biorecognition elements
will be brieﬂy discussed.
2.1.3.1 Enzymes
An enzyme is "A substance produced by body cells that helps bring about or
speed up bodily chemical activities (as the digestion of food) without being
destroyed in so doing" [7].
Enzymes are a popular biorecognition element choice due to the many dif-
ferent measurable reaction products created by the catalytic process. These
products include protons, electrons, light and heat. An engineered enzyme
biorecognition element has been used to successfully detect HIV antibodies in
serum. The most widely used and successful enzyme based biosensor is the
glucose biosensor in aid of diabetes patients [8].
2.1.3.2 Antibodies
The majority of rapid detection biosensors utilize antibodies as the chosen
biorecognition element, because they are good for recognition, identiﬁcation
and quantiﬁcation of target analytes. Advances in technology now allow for
large quantities of antibodies to be produced. Antibodies as a biorecogni-
tion element produce high sensitivity and speciﬁcity due to their bimolecular
antibody-antigen interaction. The biggest advantage of antibody based bio-
sensors is that the target need not be puriﬁed. Antibody based biosensors
have been used to detect and identify HIV, hepatitis B and C, simian immuno-
deﬁciency, Ebola, rabies, Epstein-Barr, and measles viruses [8].
2.1.3.3 Aptamers
Aptamers are nucleic acid ligands (RNA (Ribonucleic acid), ssDNA (single
stranded DNA), modiﬁed ssDNA, modiﬁed RNA or peptide) that are isolated
from libraries of oligonucleotides by an in vitro selection process called SELEX
(Systematic Evolution of Ligands by EXponential enrichment). Aptamers bind
with high aﬃnity and speciﬁcity to a wide range of target molecules. Aptamers
have been used successfully for both analytic and diagnostic applications. Due
to the fact that aptamers are synthetically made in a laboratory environ-
ment, the potential range of applications for their use is virtually unlimited.
Aptamers have been used to detect a wide range of targets, including small
molecules, proteins and whole cells. Nucleic acids tend to be more ﬂexible
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than their protein counterparts. Once aptamers have successfully bound with
their ligands, they fold into an architecture in which the ligand becomes an
intrinsic part of the nucleic acid structure. Due to the high binding strength,
easy storage and wide range of use, aptamer based biosensors are emerging as
a great new technology in comparison to the more commonly used antibody
based biosensors.
A key development of aptamer based biosensors is that of "signaling" or "mo-
lecular beacon" aptamers, which are able to act as the biorecognition element
as well as the transducer. This means that they can signal directly after target
binding. These beacons are able to act like a switch that is normally-closed
or oﬀ. When the target has successfully bound to the DNA aptamer, the
"switch" is turned on. This is done by use of a hairpin where, before binding,
the aptamer is folded back on itself and prevents any readable signal (ﬂuo-
rescent, electrochemical, heat, etc.), but when the target binds, the hairpin is
forced to open and create a readable signal [8].
2.1.3.4 Hybridization Probes
A hybridization probe or DNA probe is a fragment of DNA or RNA of variable
length (usually 100-1000 bases long). DNA/RNA probes are used in DNA or
RNA samples to detect speciﬁc nucleotide sequences that are complementary
to the designed DNA sequences of the probe. The probes are single stranded
nucleic acid (DNA or RNA) sequences. The target DNA is ﬁrst denatured
by heating, which forces double stranded DNA to split into two single stran-
ded DNA strands. The target DNA is then allowed to hybridize to the probe
DNA. When hybridization occurs the probe can act in a similar manner to the
aptamer, in that a label or molecular marker can be added and therefore cre-
ate some form of measurable signal (ﬂuorescent, electrical or radioactive labels
are commonly used). DNA probes can also make use of the hairpin structure,
which is explained in detail in Section 4.3.1.
An aptamer and a DNA probe may seem similar, but there are some dis-
tinct diﬀerences. An aptamer is an oligonucleotide used for its 3D structure
and ability to bind to a target and act like an antibody (binding is not based on
base-paring but overall 3D conﬁrmation and interaction with other molecules).
Aptamers are often used to bind to proteins (called antigens). In comparison a
DNA/RNA probe is an oligonucleotide used to bind to, and recognize its com-
plement through Watson and Crick complementary base-pairing (G (Guanine)
binds C (Cytosine), A (Adenine) binds T (Thymine)).
The advantages of DNA probes are that DNA can be pre-ampliﬁed (for ex-
ample by PCR (Polymerase Chain Reaction)). This means that target DNA
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can be mass produced, which makes detection far more feasible when there
is very low initial target. DNA probe production is much more scalable and
the synthesizing process is faster and more aﬀordable when compared to an-
tibody production. DNA is also very versatile, for example, if a biosensor
is designed for DNA detection, it can be used to detect virtually any DNA
sequence just by changing the sequence of the DNA probe used without any
changes in fabrication of the device. DNA probes can also be designed with ad-
ditional modiﬁcations other than labels, such as tethers or linkers that enable
diﬀerent immobilization methods. An example would be that it is possible to
add a biotin or thiol tether to the DNA probe, enabling either biotin-avidin
or thiol-gold SAM (Self Assembled Monolayer) immobilization as described in
Section 2.1.5.2 and Section 2.1.5.3.
2.1.4 Label vs Label-Free Biorecognition
Biorecognition elements can be classiﬁed in terms of labels as either label-based
or label-free biosensors. Label-free implies that the detected signal is produced
directly by the interaction of the analyzed material with the transducer [9].
Alternatively, label-based sensing requires the use of a label which is an added
component onto the biorecognition element that is included as a preprocessing
step. Labelled biosensors employ external methods of marking the analyte
with either antibodies, electrical or ﬂuorescent markers [5]. The use of labels
complicates the system, making it more expensive and time consuming. The
disadvantages of labeling include lack of sensitivity, interference, and cross-
reactivity [10].
2.1.5 Immobilization Techniques
The chosen immobilization technique is one of the most critical steps in bio-
sensor design, because various aspects (sensitivity, dynamic range, reproduci-
bility and response time) are directly related to how well the original prop-
erties of the biorecognition element are kept after immobilization. The ex-
isting immobilization techniques available include biomolecule physisorbtion,
entrapment and encapsulation into polymers or membranes, silanisation, and
SAM formation coupled to biomolecule cross-binding or covalent bonding. The
chosen immobilization technique needs to ensure biorecognition stability and
the modiﬁed surface must be inert and biocompatible. A few of these immo-
bilization techniques will be discussed [11].
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Figure 2.2: Diﬀerent examples of biomolecule immobilization strategies. (a)
Unspeciﬁc adsorption, (b) Entrapment, (c) Cross-linking to a pre-
assembled SAM, and (d) Encapsulation [11].
2.1.5.1 Adsorption
The simplest method of immobilization onto a physical substrate is nonspeciﬁc
adsorption, which consists of only depositing the target molecules (antibodies,
antigen, etc.) on the surface and leaving them to interact in a completely
random way [Figure 2.2(a)]. The driving forces may be initially hydrophobic
(for hydrophobic surfaces such as polystyrene) or electrostatic (for more polar
substrates such as silica), but protein adsorption will be further stabilized by a
combination of hydrophobic interactions, hydrogen bonding, and/or Van Der
Waals forces, resulting in a behaviour highly dependent on each individual
protein-surface involved, which will result in very stable bonds. Proteins con-
taining free SH2 and/or S-S bonds have a very strong aﬃnity to gold. One
disadvantages of adsorption is that the proteins may partly denature and thus
lose structure or function [11].
2.1.5.2 SAM (Self-assembled Monolayer)
SAMs are crystalline chemisorbed organic single layers formed by spontaneous
organization of thiolated molecules, generally on metal surfaces [Figure 2.2(c)].
They enable the formation of organic surfaces whose composition, structure,
and properties can be varied rationally. The most popular group of SAM
research is based on the adsorption of n-alkanethiols on gold, silver, copper,
palladium, platinum, and mercury. The formation of these well-deﬁned organic
surfaces, with useful and highly alterable chemical functionalities, is made pos-
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sible by the high aﬃnity of sulfur for noble and coinage metals (copper, silver,
and gold). The typical thickness of a SAM layer is only a few nanometers,
which gives SAMs the following advantages.:
 Ease of manufacturing and functionalization in basic laboratories.
 SAM can form on virtually any surface size.
 Allowing molecular level structures to link to macroscopic interfacial
phenomena.
Gold is the industry chosen standard for SAM formation, because gold is easy
to obtain, its use in photolithography is well deﬁned and, most importantly,
is biocompatible. It is possible for a SAM formation to occur in a matter of
minutes. In order to maximize the molecular density and enable well ordered
structures, a couple of hours may be required. The most important factors
to consider during SAM formation are solvent, temperature, thiol concentra-
tion, purity of structure, substrate immersion time, concentration of oxygen
and substrate cleanliness. SAM depositions are generally very stable, and
considered permanent, but there are a few methods of SAM desorption, such
as piranha treatment, exchange methods, photo oxidation (UV (Ultraviolet)
irradiation), or electrochemical reactions. SAM formations can be used in
conjunction with biorecognition elements during immobilization (antibodies,
nucleic acids, aptamers, peptides, etc.) and it seems there are inﬁnite possib-
ilities due to the fact that functional groups can be individually tailored to
speciﬁc requirements [11].
2.1.5.3 The Biotin-(Strept)Avidin System
This immobilization technique utilizes the natural strong binding aﬃnity of
avidin to a small molecule called biotin (or vitamin H). This is a very pop-
ular non-covalent conjunction method. The biospeciﬁcity of the interaction
is similar to that of antibody-antigen recognition. Variations of buﬀer salts
and pH (potential of hydrogen), extreme temperatures, or denaturants do not
prevent the bonding interaction. Biotin groups can be added to proteins, nuc-
leic acids or other molecules using known processes. Another similar protein
called streptavidin is also often used due to the fact that avidin may be prone
to non-speciﬁc bindings. The disadvantages of streptavidin are that it exhibits
a peptide that presents a high aﬃnity for integrins on cell surfaces result-
ing in high levels of bacteria unspeciﬁc adsorption. Another disadvantage of
both avidin and streptavidin is that many proteins naturally possess covalently
bound biotin which may lead to greater background signal [11].
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2.1.5.4 Entrapment
Biomolecules can be immobilized within organic or inorganic polymer matrices
by entrapment during the matrix polymerisation. Capturing biorecognition
elements in small inert areas inside the entrapment material (possibly the
transducer), allow stability by reducing unfolding and by shifting equilibrium
in diﬀerent conﬁgurations. An example would be enzymes entrapped within
nanopores of silica beads. The disadvantages of entrapment are the need of
high concentrations of both monomer and biomolecules, potential biomolecule
loss of structure and/or function, certain individual biorecognition elements
may be inaccessible (unable to bind) and the lack of reproducibility between
sensing surfaces [11].
2.1.6 Blocking
Blocking is a technique used to prevent unspeciﬁc binding to a surface rather
than the speciﬁc binding of a target analyte to the immobilized biorecognition
element. An example would be an unspeciﬁc analyte naturally binding to
a gold surface, where only the biorecognition element should be binding to
the gold surface and thereafter the target analyte should bind only to the
biorecognition element. In cases where it is possible for the target analyte or
unspeciﬁc analytes to bond to an undesired surface, a blocking treatment may
be required after the biorecognition element has been immobilized, and before
introduction of the target. Blocking agents available include bovine serum
albumin, casein, and skimmed milk [11].
2.1.7 Transducers
Biosensors can be classiﬁed into 5 basic groups depending on the transducer
technology used. These 5 groups are [3, 12]:
1. Optical : Intensity, Wavelength, Phase, Polarization.
2. Mass/Mechanical : Position, Velocity, Acceleration, Force, Pressure.
3. Thermal : Temperature, Heat, Heat ﬂow.
4. Magnetic : Field intensity, Flux, Magnetization.
5. Electrochemical : Voltage, Current, Charge.
The two most common and most rapidly developing groups of biosensors are
the optical and electrochemical based biosensors. These two most popular
technologies will be brieﬂy discussed.
It should be noted that almost all biosensors can have a digital element incor-
porated. This means that although the transducer method may not provide an
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electronic signal, an electronic sensor can be designed to measure and report
the speciﬁc changes electronically.
2.1.7.1 Optical Biosensors
There are two main areas of development in optical biosensors. These in-
volve the detection in changes in light adsorption between reactants and the
products of a reaction, or measuring the light output by a luminescent process
(colorimetric and photometric respectively) [13]. Optical biosensors enable the
direct, real-time and label-free detection of many biological substances. Their
advantages include high speciﬁcity, sensitivity, small size and cost-eﬀectiveness
[9].
Colorimetric Sensors: A typical example of a basic colorimetric based bio-
sensor would be the simple strip pregnancy test (lateral ﬂow immunochroma-
tographic assay). This test works with the use of a lateral ﬂow assay and
causes a change in colour on a surface that is visible to the human eye. As
mentioned, it is possible to digitize such a test and have an electronic sensor
that can detect the colour change and report the results in an electronic binary
fashion.
Fluorescence Sensors: Fluorescence based biosensors are commonly used
in bio-Optrodes. Fluorescence occurs when molecules absorb light at one
wavelength and then emit light at a longer wavelength. Since the excitation
and emission occurs only at distinct energy levels, each ﬂuorescent molecule
has a unique ﬂuorescence spectral ﬁngerprint, which is very important for the
optical biosensor application [14]. A ﬂuorescent based biosensor will therefore
present a ﬂuorescent light wavelength in the presence of a target analyte. Fi-
gure 2.3 shows the typical ﬂuorescent biosensor output when the target analyte
is present.
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Figure 2.3: Typical ﬂuorescent biosensor output when the target analyte is
present. Images are typically taken under confocal or ﬂuorescent
microscopy [15].
Chemiluminescence/Bioluminescence Sensors: Chemiluminescence is
similar to ﬂuorescence except that chemiluminescence occurs by exciting mo-
lecules with a chemical reaction, thus chemiluminescence requires no external
source of light. Bioluminescence is in fact chemiluminescence that occurs in
living organisms. A typical example of high-eﬃciency bioluminescence is the
ﬁre ﬂy. Luciferin from a ﬁre ﬂy can be adapted and used to detect a wide vari-
ety of bacteria. These luminescence based methods can even be used for DNA
based detection [16]. Figure 2.4 depicts bioluminescence emitted from indi-
vidual colonies of microbial cells containing the genes for bacterial luciferase
[17].
Figure 2.4: Bioluminescence emitted from individual colonies of microbial cells
containing the genes for bacterial luciferase [17].
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Other Optical Based Biosensors: There is a very wide variety of optical
based biosensor types. Some are simple and visible to the human eye while
others are more complex and need very sensitive sensors and mathematical
algorithm software in order to determine the presence of a target analyte. A
few optical based biosensor methods are listed below [9].
 Surface plasmon resonance (SPR).
 Localized surface plasmon resonance (LSPR).
 Evanescent wave ﬂuorescence.
 Optical waveguide interferometric.
 Ellipsometric.
 Reﬂectometric interference spectroscopy (RIfS).
 Surface-enhanced Raman scattering (SERS).
2.1.7.2 Electrochemical Biosensors
Electrochemical biosensors have some advantages over the other transduction
methods, such as the ability to operate in turbid media, comparable instru-
mental sensitivity, the capability of miniaturization and ﬁnally the equipment
required for electrochemical analysis is generally simpler and cheaper in com-
parison to most other analytical techniques [3]. The ability to signiﬁcantly
miniaturize the biosensor system directly aﬀects the cost of a speciﬁc test. A
miniaturized system requires a vastly smaller volume of sample and costly re-
agents in order to manufacture the biosensor.
Typically in bioelectrochemistry, the reaction under investigation would either
generate a measurable current (amperometric), a measurable potential or charge
accumulation (potentiometric) or measurably alter the conductive properties
of a medium (conductometric) between electrodes. Two other electrochemical
based technologies that do not speciﬁcally fall under the ﬁrst three techno-
logies also include impedimetric, which measures impedance (both resistance
and reactance), and ﬁeld-eﬀect, which uses transistor technology to measure
current as a result of a potentiometric eﬀect at a gate electrode [18].
Electrochemical Sensor Principle:
Electrochemical reactions take place at electrode-electrolyte interfaces
and provide a switch for electricity to ﬂow between two phases of dif-
ferent conductivity, i.e. the electrode (electrons or holes are the charge
carriers) and solid or liquid electrolyte (ions are the main charge carriers)
[12].
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Due to the fact that most reactions are generally only detected in close prox-
imity to an electrode surface, the electrodes themselves play a very important
role in the performance of an electrochemical biosensor. The material, surface
modiﬁcation or dimensions of a speciﬁc electrode directly aﬀect the detection
ability and sensitivity of a biosensor.
Electrochemical Sensing
Electrochemical sensing usually requires a reference electrode, a counter
or auxiliary electrode and a working electrode, also known as the sen-
sing or redox electrode. The reference electrode, commonly made from
Ag/AgCl, is kept at a distance from the reaction site in order to maintain
a known and stable potential. The working electrode serves as the trans-
duction element in the biochemical reaction, while the counter electrode
establishes a connection to the electrolytic solution so that a current can
be applied to the working electrode. These electrodes should be both con-
ductive and chemically stable. Therefore, platinum, gold, carbon (e.g.
graphite) and silicon compounds are commonly used, depending on the
analyte [18].
Amperometry: Amperometry is based on the measurement of the current
resulting from the electrochemical oxidation or reduction of an electroactive
species. It is usually performed by maintaining a constant potential at a pla-
tinum, gold, carbon (e.g. graphite) or silicon compound working electrode
with respect to a reference electrode [18]. The resulting current is directly
correlated to the bulk concentration of the electroactive species or its produc-
tion or consumption rate within the adjacent biocatalytic layer. Typically, the
current is measured at a constant potential and this is referred to as ampero-
metry. If a current is measured during controlled variations of the potential,
this is referred to as Voltammetry [19, 18].
Potentiometry: Potentiometric devices measure the accumulation of a charge
potential at the working electrode compared to the reference electrode in an
electrochemical cell when little to no current ﬂows. In other words, poten-
tiometry provides information about the ion activity in an electrochemical re-
action. Potentiometric sensors are very good for measuring low concentrations
in tiny sample volumes, since they ideally oﬀer the beneﬁt of not chemically
inﬂuencing a sample [18, 19].
Conductometry: Conductometric devices measure the ability of an analyte
or a medium to conduct an electrical current between electrodes or reference
nodes. In most cases conductometric devices have been strongly associated
with enzymes, where the ionic strength, and thus the conductivity, of a solution
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between two electrodes changes as a result of an enzymatic reaction. Another
approach is to directly monitor the changes in conductance of an electrode as a
result of the immobilization of e.g. enzymes, complementary antibody-antigen
pairs, etc. onto the electrode surface [18, 19].
2.1.8 Electrochemical Detection Techniques
In Section 2.1.7.2, the three diﬀerent electrochemical reactions were discussed
(amperometric, potentiometric and conductometric). These three types of
reaction describe how a signal is produced. This section will now discuss the
diﬀerent electrochemical techniques that use these reactions in order to detect
the presence of a target analyte.
2.1.8.1 Voltammetry
Voltammetry is an electrochemical detection technique that uses varying po-
tentials in order to measure a current response which in turn provides infor-
mation about an analyte. Voltammetry is, therefore, an amperometric tech-
nique. There are many ways to vary potential, which implies that there
are many forms of Voltammetry, such as polarography (DC (Direct Current)
Voltage), linear sweep, diﬀerential staircase, normal pulse, reverse pulse, dif-
ferential pulse and many more [18]. Figure 2.5 shows a few of the diﬀerent
Voltammetry based potential variance techniques.
Figure 2.5: Diﬀerent Voltammetry methods by varying the potential of the
Working Electrode (W.E) [20].
Voltammetry has two physical setups, the ﬁrst is a simpler method only re-
quires two electrodes [Figure 2.6], and the second requiring three electrodes
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[Figure 2.7]. The two electrode method measures the potential of the cell as
well as the current through the circuit. The three electrode method meas-
ures the potential of the working electrode vs. the reference electrode and the
current ﬂowing through the working electrode to the counter electrode [20].
Figure 2.6: Representation of a simple Voltammetry setup with two electrode
cell. W.E. - Working electrode, R.E. - Reference Electrode, V-
Voltmeter, A- Ammeter [20].
Figure 2.7: Representation of a modern voltammetric setup, with a three elec-
trode cell with a potentiostat [20].
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Figure 2.8: An overview of selected cyclic voltammograms: i) a single generic
linear voltage sweep; ii) a cyclic voltammogram of the Prussian
Blue-modiﬁed (PB) glassy carbon electrode was prepared in 0.1
M KCl + 0.1 M HCl at a scan rate 50 mV/s; iii) cyclic voltam-
mograms of the PB sol-gel modiﬁed glassy carbon electrode and
iv) the cholesterol/PB sol-gel modiﬁed glassy carbon electrode in
a phosphate buﬀer (pH 6.8) at varying concentrations of the ana-
lytic solution: a) blank solution; b-f) blank solution + cholesterol
1× 10−5, 2× 10−5, 3× 10−5, 4× 10−5, 5× 10−5 mol/L [20].
Figure 2.8(iv) shows a typical example of how a target analyte would be detec-
ted. Curve (a) depicts a blank or target free solution while curves (b-f) show
increasing concentrations of target analyte in solution. Figure 2.8(ii) and Fi-
gure 2.8(iii) depict the voltammograms of the substrate at various manufactu-
ring steps before the target analyte has been added.
2.1.8.2 EIS (Electrochemical Impedance Spectroscopy)
Impedance is deﬁned by
ZT = ZR + ZI (2.1.1)
where ZT , the total complex resistance (impedance), is equal to the sum of
ZR, the real part of impedance and ZI , the imaginary part (reactance). This
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is due to a circuit element (typically resistors, capacitors and inductors) being
supplied with an AC (Alternating Current) signal. The electrical impedance
can be related to voltage in the time domain by
V (t) = ZT (t).I(t) (2.1.2)
where I(t) is the current and ZT (t) is the total impedance. The AC excitation
signal (voltage) can be described in the time domain and related to frequency
by
V (t) = Vasin(wt) (2.1.3)
where w is the excitation frequency and Va is the excitation amplitude. A
Fourier transform is then used to change a time based function to the frequency
domain. This is deﬁned by
F{f(t)} = F (w) =
∫ −∞
∞
f(t)e−iwtdt (2.1.4)
where F (t) is the time domain signal and w is deﬁned as
w = 2pif (2.1.5)
where f is the frequency of excitation. These transforms provide harmonic
spectra which can be evaluated [5].
EIS: Through the application of small sinusoidally varying potential, it is
possible to measure the resulting current response of a target analyte. By
varying the excitation frequency of the applied potential over a range of fre-
quencies, the complex impedance can then be calculated as explained. EIS
has the ability to study any intrinsic material property or speciﬁc processes
that could inﬂuence the conductivity/resistivity or capacitivity of an electro-
chemical system. For this reason EIS is an attractive tool in the development
and analysis of materials for biosensor transduction. For example, by coating
conductive electrodes with insulating polymers and then introducing this to an
enzymatic reaction, the direct or indirect degradation of the polymer coating
can be studied. If during the reaction, existing free ions are able to penetrate
into the polymer, the insulating nature of the polymer would be compromised
and result in modiﬁed impedance characteristics of the transducing element.
For electrochemical sensing, impedance techniques are useful to monitor changes
in electrical properties arising from biorecognition events at the surfaces of
modiﬁed electrodes. For example, changes in the conductance of the electrode
can be measured as a result of protein immobilization and antibody-antigen
reactions on the electrode surface [18].
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2.1.8.3 Nanowires
Nanowires are part of a growing nano-technology group called nano-objects,
which also include nanoparticles, nanorods, nanobelts, nanosprings, thin ﬁlms
and others. Nanowires are becoming increasingly more attractive as part of
biosensor building blocks. Their use as high sensitivity electrodes is one ex-
ample. Nanowires have diameters in the nanometer range. Thus, their diame-
ters have a length scale comparable to the atoms of which they are comprised
of and are sometimes referred to as quantum wires. Additionally, nanowires
are referred to as one-dimensional structures, since their lengths are orders of
magnitude larger than their diameters. The reason nanowires may be more
useful or sensitive in comparison to larger wires is that, as a wire decreases
in diameter to the nanometer regime, the ratio of surface atoms compared to
interior atoms, i.e. the surface-to-volume ratio, drastically increases. There-
fore, external inﬂuences by charged particles or biological species increasingly
inﬂuence the conduction both on the wire surface and in the wire interior.
The penetration into the wire interior is typically determined by the Debye
screening length. Conductance in a nanowire is related to the sum of electron
transport in the separate conduction channels of the nanowire deﬁned by their
quantization energy. The thinner the wire, the smaller the available unaﬀected
volume, and hence the smaller the probability of uninterrupted conduction.
Nanowires, therefore, represent very attractive bioelectrochemical transducer
components, since their diameters are comparable to the size of the biochem-
ical analytes under analysis and since their conductance is sensitive to surface
perturbations [18].
2.1.9 Biosensor Testing and Standards
2.1.9.1 Types of Microbial Testing Performed
Biosensor tests are designed to detect and signal certain information about a
biological element. Depending on the type of test, these sensors answer one or
more of the following questions and hence can be classiﬁed accordingly [21]:
1. Is something there? Qualitative Testing
2. If there, how much is there? Quantitative Testing
3. If there, what is it? Identiﬁcation Testing
Qualitative testing indicates whether a particular substance is present or not.
It does not tell how much of the substance is present. An example of a quali-
tative test would be the pregnancy test as the test simply indicates that the
user is pregnant and no more. Quantitative testing, on the other hand, gives a
precise measure of how much target analyte is present or its concentration in
a sample being analyzed. An example of a quantitative test would be a sensor
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that indicates the amount of white blood cells in a sample when testing to
see how advanced an HIV infection may be. Another example would be of a
water sensor that can indicate the concentration of E. coli in a water sample.
Finally, Identiﬁcation testing has the ability to identify one of many analyte
possibilities. An example of this would be a sensor that is designed to detect
multiple target analytes, such as bacteria. This type of sensor would have
diﬀerent labels or markers (usually colorimetric in the form of ﬂuorescence)
attached to each of the diﬀerent biorecognition elements and when either one
or more of the target analytes are detected, each marker would give a unique
and identiﬁable signal (i.e diﬀerent colours of each marker.)
2.1.9.2 Biosensor "Gold" Standards
There are many diﬀerent methods of detecting the presence of a target analyte,
but not all the available tests are reliable or speciﬁc. Culturing methods con-
tinue to be the "gold" standard; followed by nucleic acid-based assays, ranked
"silver", and the immunoassays, ranked "bronze". However, immunoassay is
by far the most rapid compared to the other two methods. Culture methods
require 24-48 hours or more in order to get the bacterial colonies on a petri
dish. Some of the bacteria, like M. tuberculosis, takes 7-14 days to grow on
the selected media. A nucleic acid based assay requires good technical expert-
ise and a nucleic acid extraction step. Currently attempts are being made to
automate the system for on-site application. In contrast, most of the antibody-
based detection methods, such as lateral ﬂow immunoassays, dipstick assays,
and slide agglutination tests, can be done outside the convenience of a laborat-
ory, with little technical knowledge, and the results can be obtained relatively
quickly, in 10-15 minutes [22].
2.2 Human Immunodeﬁciency Virus (HIV)
HIV is a virus that attacks the immune system, speciﬁcally the white blood
cells which are called CD4 (cluster of diﬀerentiation 4) cells (T-helper cells).
The immune system and T-helper cells help ﬁght oﬀ infections and diseases.
HIV cannot grow or reproduce on its own. HIV makes copies of itself inside
the T-helper cells. The process of T-helper cells multiplying in this manner is
called the HIV life cycle [23, 24] as seen in Figure 2.10.
AIDS (Acquired Immunodeﬁciency Syndrome) is the ﬁnal stage of HIV
infection. Not all patients who have been infected with HIV are at the AIDS
stage. This is the stage of infection that occurs when the immune system is
so badly damaged that the number of CD4 cells is lower than 200 cells/cubic
millimeter of blood (200 cells/mm3). At this stage of infection the body be-
comes vulnerable to opportunistic infections. The CD4 cell count of a healthy
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uninfected adult ranges between 500 cells/mm3 and 1600 cells/mm3 [23].
The origin of HIV: Scientists have discovered a chimpanzee version of the
immunodeﬁciency virus (called Simian Immunodeﬁciency Virus, or SIV) in
Central Africa. They believe that SIV was transmitted and mutated into HIV
in humans when chimpanzees were hunted for meat and the infected blood
came into contact with humans [23].
Figure 2.9: A representation of what HIV looks like [25].
Figure 2.9 shows what a typical HIV cell looks like. The key terms will be
brieﬂy explained [25]:
 HIV Envelope: The outer surface of HIV.
 HIV glycoproteins: Protein "spikes" embedded in the HIV envelope.
 HIV capsid: HIV's core that contains HIV RNA.
 HIV RNA: HIV's genetic material.
 HIV Enzymes: Proteins that carry out steps in the HIV life cycle.
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Figure 2.10: The HIV life cycle [25].
Figure 2.10 depicts the life cycle of HIV in 7 diﬀerent stages. The seven stages
are [25]:
1. Binding/Attachment
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2. Fusion
3. Reverse Transcription
4. Integration
5. Replication
6. Assembly
7. Budding
2.2.1 HIV Diagnosis
If a patient does not know that they have come into contact with HIV, the
ﬁrst signs to cause a doctor to suspect HIV infection are when seemingly un-
related symptoms (fever, sore throat, headache, muscle ache, swollen glands
or skin rash) last and no other cause can be found for these symptoms. If a
patient has been infected with HIV, the immune system will begin producing
antibodies to try destroy the virus. Urine, saliva or blood can be tested to ﬁnd
these antibodies. If a simple urine or saliva test shows positive for HIV, it is
necessary to conﬁrm with blood tests.
Most doctors use two blood tests to conﬁrm HIV infection, ELISA (Enzyme-
Linked Immunosorbent Assays) and the Western blot. HIV antibodies will
usually only be detectable 2-3 weeks after infection and may take as long as 6
months to be detected [26], this is known as the window period.
2.2.1.1 HIV Screening Tests
As mentioned there are many ways to detect an HIV infection. A few of the
commercially available HIV screening tests will be discussed.
ELISA:
Enzyme-Linked Immunosorbent Assays (ELISA) is the most commonly used
test to screen for HIV infection. This method is relatively simple, has high
sensitivity and is suitable for testing large numbers of samples. ELISA is a
plate-based assay technique designed for detecting and quantifying substances
such as peptides, proteins, antibodies and hormones [27, 28]. In the case of
HIV testing, the most popular ELISA involves an indirect method in which
HIV antigens are attached and antibodies in a sample which are allowed to
react with the antigen coated solid support. The antibodies are left to react
for 30 minutes at 37 °C - 40 °C. A wash step is then necessary to remove
unbound serum components and a conjugate (an antihuman immunoglobulin
with a bound enzyme) is bound to the speciﬁc antibody that is attached to
the antigens on the solid phase. A second wash is then conducted and an
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appropriate substrate is added that results in a colour development which is
detected by a spectrophotometer. Optical density values are produced as the
coloured solution transmits light which is proportional to the amount of anti-
bodies bound. A mathematical calculation is conducted based on the optical
density of the negative controls and multiplied by a factor which produces an
optical density cut-oﬀ value. This optical density cutoﬀ value is then compared
to the sample optical density to determine the antibody status. Samples with
optical density cutoﬀ values > 1.0 are considered to be positive [28].
A more recent ELISA technology which is considered more powerful than the
previous method, is called the sandwich assay. This type of capture assay
is called a "sandwich" assay because the analyte to be measured is bound
between two primary antibodies, the capture antibody and the detection an-
tibody. This format tends to be more sensitive and robust. One disadvantage
of this format is that it requires a relatively large sample volume. Figure 2.11
shows the common ELISA formats, namely the direct, indirect and sandwich
assay formats.
Figure 2.11: Common ELISA formats [27].
Western Blot:
The Western blot is the most common test used to conﬁrm positive results
from an ELISA or rapid HIV test. This is a test generally only used as a con-
ﬁrmatory test due to its complexity to preform and requires highly technical
skills. The Western blot is considered the "Golden Standard" of HIV valida-
tion, because it is less likely to produce a false-positive result as it distinguishes
the speciﬁc HIV antibody more eﬀectively from other antibodies [28, 29]. The
Western blot technique is based on an electrophoretic technique to separate
HIV antigens derived from a lysate of virus grown in culture. The technique
denatures the viral components and induces a negative charge to the antigens.
It then separates the antigens primarily on the basis of their molecular weights.
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 2. LITERATURE REVIEW 26
The separation technique of antigens is similar to that of ELISA [28].
This test is conducted by splitting HIV into its various component proteins
which are all diﬀerent lengths and thus diﬀerent weights (measured in kD -
kilo Daltons). A sample of blood is then mixed with the proteins. If any HIV
antibodies are present in the blood sample, they will attach to the proteins
in a similar way to ELISA. These antibodies are then tagged using a marker.
Each sample is then dipped into a special gel. An electric current is applied
to the gel and the proteins begin to move down the gel. Heavier proteins will
stop before the lighter ones. The more there are of each protein, the thicker
and darker the layer of these proteins will be. The gel is then developed in a
similar way to a non-digital photograph to show which proteins are present. If
there are stripes where the HIV proteins should be, then the result is positive.
If there are no stripes, the result is negative [28]. Figure 2.12 shows typical
examples of Western blot reactions.
Figure 2.12: Typical examples of Western blot reactions [30].
Western blot is capable of identifying antibodies for lots of diﬀerent HIV pro-
teins or antigens at the same time, in comparison to ELISA which can only
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detect one at a time. Western blot tests can, however, also yield inconclusive
results in some samples [31].
Oral Fluid or Saliva:
A more convenient and less invasive test for HIV involves collection of saliva.
Although the sample is generally referred to as saliva, the ﬂuid is actually
"crevicular ﬂuid from capillaries beneath the tooth-gum margin, which is a
transudate of blood and therefore similar to the samples used in serum-based
tests." [28]. Antibody concentration in oral ﬂuid is only about 1/400 of that
in plasma, this implies that saliva based tests need to be extremely sensitive.
Advantages of this test are ease of collection, group collection, collection from
patients where blood is diﬃcult to obtain (infants) and an increase in collection
adherence. One FDA approved oral ﬂuid test called the OraQuick Advance
(OraSure Technologies; Bethlehem, PA) is a device that combines collection
and testing. The device itself consists of an absorbent pad on a stick coupled
to a lateral ﬂow testing device. When testing, it is swabbed once around
the gums, and then placed in a vial of buﬀer solution. The sample is then
incubated for 20 minutes and the results are displayed in the same way other
lateral ﬂow rapid tests are displayed (pregnancy test with control line and
reporting line). This test is reportedly equivalent in speciﬁcity and selectivity
to ELISA. For this reason it is necessary to conduct a conﬁrmation test via
Western blot if the results are positive [28].
PCR tests: DNA and RNA (viral load)
Polymerase chain reaction (PCR) is a testing method that recognizes speciﬁc
genetic material. This genetic material could be RNA (single strand) or DNA
(double strand). RNA and DNA are both nucleic acids which can be used
to speciﬁcally detect the genetic code of any living organism. During the
PCR test a sample is ampliﬁed (to make many more identical copies of the
DNA/RNA chain) multiple times to ensure there is a suﬃcient amount of RNA
or DNA to be detected [31]. Once the ampliﬁcation is complete, the ampliﬁed
segments need to be compared to a known source (i.e a known HIV positive
sample). The actual detection method is similar to that of the Western blot.
An electrical current is supplied to a gel and various nucleotide sequences form
bands or stripes according to their electrical charge and molecular size. This
is termed gel electrophoresis. The bands that form from the unknown sample
are then compared to bands that formed from the known sample [32].
The following reagents are needed to conduct PCR ampliﬁcation [33]:
 A sample that contains a nucleotide sequence or DNA (blood, hair, skin
etc.).
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 DNA primers: Short single stranded DNA that attaches to nucleotide
sequences which promotes synthesis of a complementary strand of nuc-
leotides.
 DNA polymerase: an enzyme that, when the DNA has a primer bound,
goes down the DNA segment attaching DNA building blocks to form
complementary base pairs and thus synthesizes a complementary nuc-
leotide strand of DNA (the introduction of a heat resistant DNA poly-
merase, Taq polymerase, derived from heat-resistant bacteria, markedly
improved the ability to perform PCR).
 A large excess of DNA building blocks termed nucleotides (Adenine,
Thymidine, Cytosine and Guanine, abbreviated as A, T, C and G, re-
spectively) are present in the solution. When these blocks are linked to-
gether, they form a nucleotide sequence or a single strand of DNA. When
these building blocks bind to their complementary building blocks, by
weak hydrogen bonds (for example, A will only bond with T and G only
with C), a complementary DNA nucleotide sequence is formed and bound
to the original single stranded DNA. When the binding is completed, a
complementary double strand DNA is formed in a speciﬁc sequence.
To begin the PCR procedure, a segment of the sample DNA is placed in a tube
with the reagents listed above. The solution is then heated to 94 °C. The heat
causes the hydrogen bonds in complimentary DNA strands to break and so
creates single stranded DNA. This is termed denaturation of double stranded
DNA. The sample is then cooled to about 54°C. At this temperature the DNA
primers and DNA polymerase bind to individual single stranded DNA. Due
to the fact that the DNA building blocks are in high quantity in solution, the
polymerase uses them to make new complementary strands of DNA (termed
extension of the DNA). Finally the end result is a new set of double stranded
DNA molecules from each of the single strands of the original molecule. This
process is completed in excess of 40 times using a machine called a thermal
cycler. The thermal cycler automatically repeats each heating and cooling
step. Due to the fact that the sample DNA doubles after every thermal cycle,
it can be seen that the ampliﬁcation is exponential. Where the original sample
may have only contained a single short segment of DNA, after 40 cycles there
could be over 100 billion new copies [33].
Rapid Tests:
Rapid tests are simpliﬁed versions of the ELISA tests. They detect HIV an-
tibodies in samples [31]. Rapid tests are deﬁned as tests that can produce
results in <30 minutes. They are generally very accurate (95%-99%) and are
comparable to the ELISA accuracy [28]. The most important advantage of
rapid tests is that they are easy to perform and do not require higher train-
ing. This is particularly useful in developing countries where facilities may not
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be optimal, there may be little to no stable electricity or unsuitable formal
education programmes for laboratorians. The immunochromatographic assay
type rapid test consists of a ﬂat cartridge device, usually plastic or paper. The
sample (blood, oral ﬂuid or serum) is placed at the tip of the device and allowed
to diﬀuse along the strip that is immobilized with reagents (usually protein A
colloidal gold) that bind and permit visual detection of HIV antibodies, some
use third-generation (antigen sandwich) technology. Most modern tests have
built-in quality control test lines that indicate that the test was performed
correctly [28].
Once a rapid test has been completed it is standard procedure to do a conﬁrm-
atory test by either a separate rapid test manufactured by another company,
ELISA, or Western blot which is said to be 100% accurate. It is also advised
that, if any test is negative, a patient take another test after 3 weeks to ensure
the window period has passed.
There are some disadvantages to the rapid test which are as follows [34]:
 Poor staﬀ training: In some cases clinical staﬀ or HIV counselors do
not get the correct training in regards to speciﬁc rapid test use and inter-
pretation. The lack of well-trained professionals available to administer
testing not only aﬀects the eﬃcacy of the results, but also the quality of
counseling that patients receive.
 Ambiguous test results: Results from rapid HIV tests are sometimes
diﬃcult to interpret. Tests that display faint lines may lead to a ne-
gative or positive interpretation, depending on a staﬀ members opinion.
Ambiguous results combined with poorly trained or inexperienced staﬀ
greatly increases the likelihood of inaccurate interpretations of results.
It is advised that where results are inconclusive, the results and sample
should be sent for laboratory testing. This then negates the fast and
cheap advantages of rapid tests.
 Ethical concerns: There are some rapid tests which are available for
home use. This leads to some major ethical concerns where counsel-
ing may not be readily available following a positive result. This may
also lead to non-consensual testing or no protection of conﬁdentiality of
results. The World Health Organization's (WHO) Policy Statement re-
garding HIV testing strongly recommends that clinicians adhere to the
three C's of screening: conﬁdentiality of results, counseling before and
after testing, and consent to be tested. The other concern is that where
resources and training are limited, there is also little to no pre-test or
post-test counseling. This is of great concern, as many patients may not
understand the likelihood of a false-positive result or what to do in the
case of a positive result that may completely alter their lives.
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The HIV clinic at Stellenbosch University uses INTEC's "ADVANCED QUAL-
ITYRAPID ANTI-HIV (1&2) TEST CARD", as its primary rapid test. The
user document, Appendix A.1, claims 100% sensitivity. The rapid test includes
all relevant materials and instructions for use. The HIV clinic adheres to strict
procedures and all HIV testing staﬀ are trained to counsel the patients pro-
fessionally. After a positive HIV result, the clinic staﬀ run a second rapid test
by a diﬀerent manufacturer and if that result is also positive, they recommend
an ELISA test to conﬁrm.
2.3 DNA Introduction
2.3.1 DNA Deﬁnition
DNA or Deoxyribonucleic acid is a molecule that contains the building blocks
and instructions living organisms need to develop, live and reproduce. These
instructions are found in every living cell [35].
"A nucleic acid that carries the genetic information in cells and some vir-
uses, consisting of two long chains of nucleotides twisted into a double helix
and joined by hydrogen bonds between the complementary bases adenine and
thymine or cytosine and guanine. DNA sequences are replicated by the cell
prior to cell division and may include genes, intergenic spacers, and regions
that bind to regulatory proteins"[36].
2.3.1.1 DNA Structure
"DNA is made up of molecules called nucleotides. Each nucleotide contains
a phosphate group, a sugar group and a nitrogen base. The four types of
nitrogen bases are adenine (A), thymine (T), guanine (G) and cytosine (C).
The order of these bases is what determines DNA's instructions, or genetic
code. Similar to the way the order of letters in the alphabet can be used
to form a word, the order of nitrogen bases in a DNA sequence forms genes,
which in the language of the cell, tells cells how to make proteins. Another
type of nucleic acid, ribonucleic acid, or RNA, translates genetic information
from DNA into proteins"[35].
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Figure 2.13: The structure of DNA and RNA. DNA is a double helix, while
RNA is a single helix. Both have sets of nucleotides that contain
genetic information [35].
Figure 2.13 is a representation of the structure of DNA and RNA. The nucle-
otides are attached together to form two long strands that spiral to create a
structure called a double helix. The nitrogen bases on one strand bind with
the nitrogen bases of the other. Adenine pairs with thymine and guanine pairs
with cytosine.
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(a) (b)
Figure 2.14: Representation of DNA nucleotides and their directionality [37].
2.3.1.2 DNA Directionality
The structure of a DNA strand has a direction. When a DNA strand is formed,
it is constructed in a speciﬁc order. This is called directionality. DNA is always
formed from the 5' (5 Prime) end towards the 3' (3 Prime) end. Figure 2.14(a)
is a depiction of a single base nucleotide showing where the 5' and 3' ends are.
The direction of the second strand of DNA in a double helix is always opposite
to the ﬁrst, also known as anti-parallel. This means that the 5' end of one
strand will always bind to the 3' end of the other strand. Figure 2.14(b) shows
an example of two strands of DNA and their end formation.
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Figure 2.15: A size comparison of diﬀerent biological elements. Images edited
and compiled from [38, 39, 40].
2.3.1.3 DNA Size Comparison
Figure 2.15 depicts the size of DNA in comparison to other biological elements,
such as the HIV virus and the E. coli bacteria. It can be seen that DNA is
considerably smaller than most bacterias and antigens.
2.3.1.4 DNA Temperature of Melting (Tm)
When DNA is heated, double stranded DNA (dsDNA) is denatured into single
stranded DNA (ssDNA) by breaking the hydrogen bonds between the bases.
Denaturation can also be accomplished by a change in pH or salt concentration.
The temperature of melting (Tm) is deﬁned as "The temperature at which 50%
of double stranded DNA is changed to single-stranded DNA. The higher the
melting temperature the greater the guanine-cytosine content of the DNA"
[41]. The Tm depends on two major factors. First the length or number
of bases in a DNA sequence and second, the speciﬁc nucleotide sequence of
the DNA (i.e more guanine-cytosine base pairs will form stronger bonds.).
The guanine-cytosine pair is bound by three hydrogen bonds, while adenine-
thymine pairs are bound by two hydrogen bonds. There are several methods
of calculating the Tm of a DNA sequence, but the simplest is the method of
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 2. LITERATURE REVIEW 34
Wallace, which is suitable for short DNA sequences (14-20 base pairs). The
Wallace method simply assigns 2 to each A-T pair and 4 to each G-C pair
in a given sequence. The Tm is then calculated as the sum of all the individual
pairs. The equation for calculating the Tm is seen in Equation (2.3.1). It can
be seen that more base pairs in a DNA sequence, require higher temperatures
and again higher temperatures with more G-C base pairs [42].
Tm = 2(A+ T ) + 4(G+ C) =  Tm (2.3.1)
When ordering speciﬁc DNA oligonucleotides, the Tm can usually be cal-
culated automatically on the manufacturing websites or other DNA analysis
tools with more accurate methods. The Tm is also commonly listed on the
speciﬁcation sheets of DNA oligonucleotides upon delivery.
2.3.1.5 DNA Self Dimers
"DNA and RNA oligonucleotides can form adverse secondary structures.
Self-dimers (also called homo-dimers) occur when some portion of an oli-
gonucleotide is complementary to itself, resulting in an oligonucleotide
molecule that can hybridize to another oligonucleotide molecule of the
exact same sequence"[43].
The self dimers of a DNA oligonucleotide can also be automatically predicted
on most manufacturing websites or other DNA analysis tools.
2.3.2 DNA Based Biosensors
Once one has an understanding of DNA and the structure of DNA it is not
hard to imagine the biosensing possibilities. As previously mentioned in Sec-
tion 2.1.3.3, if the DNA sequence or even a small portion of the sequence of
a particular biological element is known, it is possible to synthesize a single
stranded DNA complementary copy of this DNA. This synthesized DNA can
then be used as the recognition element of a biosensor and is called Probe
DNA. When in the presence of target DNA, the Probe DNA will be able to
bind to the target DNA like a puzzle piece, because it has been designed to be
complementary to that DNA and no other.
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Figure 2.16: A basic example of a DNA based electrochemical biosensor [44].
Figure 2.16 shows a typical example of an electrochemical DNA biosensor. The
DNA probe is immobilized to the transducer and when the target is hybridized
with the probe, an electronic signal can be read.
2.4 HIV DNA Biosensor Research
Section 2.2.1.1 described the current industry standard methods of HIV de-
tection. This section is a brief review of HIV DNA detection research articles.
These articles give a good indication of the electrochemical properties of DNA,
as well as the types of transducers and immobilization techniques that are
more practical for research purposes. Three of the most relevant articles were
chosen, but there are many more available that relate to either DNA detection,
electrochemical biosensors, HIV detection or a mixed combination of all of the
above.
2.4.1 A label-free electrochemical biosensor for
detection of HIV related gene based on
interaction between DNA and protein
Guo et al. [45] have described a novel label-free electrochemical based HIV
biosensor.
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Figure 2.17: Schematic illustration of biosensor proposed by Guo et al.[45] .
Figure 2.17 depicts the schematic illustration of the proposed biosensor. An
HIV DNA capture probe is immobilized on the surface of a screen printed
electrode by means of Au-S bond, which form SAM. A target sequence is then
introduced which then naturally hybridizes to the capture probe to form a
double stranded hybrid. Once the double stranded hybrid is formed, a NF-kB
protein uniquely binds to the probe. The NF-kB would have been previously
marked with Biotin and as a result the streptavidin-HRP conjugate integrates
to the biotin marked NF-kB protein via the strong biotin-avidin interaction.
"HRP enzymes can eﬃciently catalyze the reduction of hydrogen peroxide
with the help of an electroactive cosubstrate, TMB, which could be readily
transduced to electrochemical current signals that quantitatively reﬂected the
amount of DNA targets."[45]. The result is a biosensor that has a current
signal that is proportional to the amount of reverse transcription DNA present.
The results show high electrochemical sensitivity and selectivity with limit of
detection (LOD) as low as 7.05pM.
2.4.2 Coupling of a Reagentless Electrochemical DNA
Biosensor with Conducting Polymer Film and
Nanocomposite as Matrices for the Detection of
the HIV DNA Sequences
Fu et al. [46] conducted research on reagentless electrochemical DNA bio-
sensing, to detect (HIV) sequences based on electrochemical impedance spec-
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troscopy (EIS) and Cyclic Voltammetry (CV).
Figure 2.18: Schematic of stepwise fabrication process of biosensor proposed
by Fu et al.[46].
Figure 2.18 depicts a schematic diagram of the modiﬁed electrode showing the
stepwise fabrication process. The electrode in this biosensor is fabricated by
depositing conductive Polypyrrole (PPy) on a platinum rod. Thereafter gold
(Au) and silver (Ag) nanoparticles are bonded onto the PPy surface. Speciﬁc
HIV sequenced Mercapto DNA probes (HS-ssDNA) were then allowed to bind
to the gold and silver nanoparticles to complete the sensor. PPy was used
because research shows that there may be conductivity changes in PPy ﬁlm
and nanocomposites in response to bio-activity. PPy has also received most
attention due to it's high conductivity, redox activity, good ion-exchange ca-
pacity, strong adsorptive capabilities, together with a fairly long-term thermal
and mechanical stability. Once fabrication is complete, the sensor hybridized
with target DNA to the probe for 3 minutes at a constant potential of 0.5V.
EIS and CV were used to analyze the sensor for detection of the target DNA
(HIV). Fu et al. report a detection limit of .5 nM.
2.4.3 Label-free DNA biosensor based on resistance
change of platinum nanoparticles assemblies
Skotadis et al. [47] have designed an innovative nanoparticle based biosensor.
Gold interdigitated electrodes (IDE) are deposited on a silicon wafer with a
prior titanium layer for adhesion purposes. Diﬀering gaps between interdigit-
ated electrodes were tested (namely 30 µm, 10 µm and 5 µm). Figure 2.19
depicts the gold interdigitated electrodes on a silicon wafer substrate.
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Figure 2.19: Gold interdigitated electrodes on silicon wafer substrate [47].
Platinum nanoparticles are then sputter coated onto the substrate at vary-
ing thicknesses to produce speciﬁc resistance values between the electrodes.
Resistance values between 110kΩ - 95MΩ, depending on electrode gaps and
platinum deposition thickness, are reported. Thiol-modiﬁed ssDNA probes are
used as the detection element. The thiol tether is capable of binding to both
the gold electrodes and the platinum nanoparticles. The hybridization of tar-
get DNA to DNA probe create nanoparticle networks or conductive "bridges"
between the nanoparticles and electrodes, which eﬀectively decreases the over-
all resistance of the sensor. Figure 2.20 depicts a cross section of the sen-
sing device and a representation of target-probe DNA hybridization "bridges"
between nanoparticles.
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Figure 2.20: Cross section of the sensing device (schematic) after the target to
probe DNA hybridization event [47].
A buﬀer solution (2µL) is added to the sensor, and resistance measurements
are taken until the sensor reaches a steady state, and another 2 µL buﬀer is
added to ensure no further distortion. At this point a base resistance is noted
and the target DNA is added to the sensor. The resulting resistance change
is directly related to target DNA hybridization to the DNA probe and the
change can be depicted as a function of |∆R|/R0. A LOD of 1nM is reported
and is able to diﬀerentiate between fully complementary DNA and a single
base pair mismatched (1 base MM) probe to target DNA hybridization. It is
also reported that there is no measurable change in response when comparing
1µM and 10µM concentration of probe DNA, indicating that the sensor surface
is very quickly saturated with probe ssDNA.
2.5 Conclusion
Section 2.1 introduced basic biosensor deﬁnitions, models, concepts, and tech-
niques. Section 2.1 also detailed diﬀering transducer techniques with the main
focus on optical and electrochemical based transducers. Although the main
focus is electrochemical based biosensors, the other techniques have similar
fabrication techniques and may provide more options that can be used within
the electrochemical design, such as immobilization techniques, blocking and
labeling. Section 2.2 gave an introduction to HIV and AIDS. The diﬀerent
screening techniques were reviewed and compared and some ethical concerns
were mentioned. Section 2.3 gave a very basic deﬁnition of DNA and its struc-
ture. Finally, Section 2.4 reviewed the three most relevant Electrochemical
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HIV DNA based biosensor articles found. These articles provide insight into
the necessary components of DNA sensing, as well as the viability of electro-
chemical DNA detection.
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Research Background
3.1 Current Biosensor Research at
Stellenbosch University
3.1.1 Superconductors Advanced materials and Nano
Devices (SAND) Research group
In 1989 Prof. Willem Perold began a new research group called SAND (Su-
perconductors Advanced materials and Nano Devices). For the ﬁrst few years
the team focused research on superconductors and processing of high tem-
perature super conducting device structures. About 6 years ago, the team's
primary focus shifted towards nanosensors and nano devices such as piezo-
electric generators. Over the last 4 years however, the SAND team's eﬀorts
shifted yet again towards biosensing. The SAND team size is rapidly grow-
ing from an initial team size of about 4-6 postgraduate students per year to
more recently about 15 members in the team. Due to the nature of the bio-
sensing research ﬁeld, the SAND team established collaborations with a few
other Stellenbosch research departments such as Mechatronic Engineering, Mi-
crobiology, Physiology and Agricultural Sciences, to name a few. These col-
laborations form well rounded multidisciplinary research that accelerates and
increases the quality of research.
3.1.2 Development of a Resistive Microﬂuidic Sensing
Device for Pathogen Detection
In 2015, Christiaan Viviers joined the SAND team and conducted an un-
dergraduate project titled "Development of a Resistive Microﬂuidic Sensing
Device for Pathogen Detection"[48]. The focus of the project was to design
a biosensor that measures the resistive change of a transducer due to posi-
tive antibody-antigen binding. A proof of concept study was established using
lysozyme and an antibody speciﬁc to its antigen. Non-woven polypropylene mi-
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croﬁbers coated with a conductive polypyrrole, co-polymerized with carboxylic
acid functional 3-thiopheneacetic acid and treated with iron(III)chloride doped
with 5-sulfosalicylic acid, rendering the ﬁber sheets conductive was used as the
sensor transducer. Mr Viviers was able to positively detect the presence of the
lysozyme antigen.
3.1.3 Low Cost and Portable E. coli Biosensor
Due to the positive ﬁndings of Mr Viviers' project, Prof. Willem Perold put
together a small engineering team to develop a small low cost and portable
E. coli biosensor funded by the Technology Innovation Agency (TIA). The
team had a short 4 months from December 2015 to March 2016 to design and
fabricate this device and run experiments. The engineering team consisted
of: Michael Maas (project leader, electronic engineering Master's graduate),
Christiaan Viviers (primary engineer, electronic engineering Master's student),
Nicholas Lawrenson (myself, electronic engineering Master's student), Lowku
Leeuwner (undergraduate electronic engineering student) and Ayan Booyens
(undergraduate mechatronic engineering student).
The biosensor that was designed was a modiﬁed and optimized version of
Mr Viviers' initial project design. E. coli speciﬁc antibodies were used as the
recognition element and the same non-woven polypropylene microﬁbers (made
to be conductive) were used as the transducer. A simple voltage divider circuit
was designed by Mr Leeuwner as the sensing device. My role in the team was
to assist Mr Viviers with the fabrication of the conductive ﬁbers, binding of the
antibodies to the transducer and the testing procedure. Other roles included
circuit board design, routing and building as well as 3D printer availability
and research for the housing of the device.
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(a) (b)
(c)
Figure 3.1: Imaging of microﬁber at diﬀerent steps of fabrication. (a) SEM
(scanning electron microscope) imaging of conductive coated microﬁber. (b)
SEM imaging of gluteraldehyde added coating as cross linker. (c) Confocal
image of antibody immobilization with ﬂuorescent labeled secondary antibody
to validate immobilization.
Figure 3.1 shows the results of the various fabrication steps. Figure 3.1(a)
shows the individual microﬁbers with the conductive coatings, it can be seen
that the coating is not uniform and covers sections of ﬁbers rather than indi-
vidual ﬁbers. Figure 3.1(b) shows the gluteraldehyde cross linker added after
the conductive coating is complete. Again this coating is not uniform and cov-
ers multiple layers. Figure 3.1(c) is a confocal image that validates that the
antibody immobilization steps are correct and that binding of antibody immo-
bilization is stable and long lasting following various wash steps. In order
to complete confocal imaging, a secondary antibody with a ﬂuorescent label
was necessary. The ﬁnal sensor did not incorporate this secondary antibody
and therefore did not ﬂuoresce. Figure 3.1(a) and Figure 3.1(b) were taken
at the CAF EM (Central Analytical Facility Electron Microscopes) unit on
the MERLIN FE SEM at the department of Geology, Stellenbosch University.
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Figure 3.1(c) was taken at the CAF Fluorescence Microscopy Unit on the Zeiss
LSM780 Confocal Microscope at the Department of Physiology, Stellenbosch
University.
(a) (b)
(c)
Figure 3.2: Project results. (a) A rendering of the proposed ﬁnal biosensor. (b)
The ﬁnal E. coli biosensor. (c) In this results graph, the change in resistance
across various prepared electrotextiles is compared. Every point represents a
diﬀerent ﬁber. It can be seen that the increase in resistance across a ﬁber with
applied E. coli concentration of 100-1000 CFU/ml (Colony Forming Units/ml)
is much lower than that where E. coli, in the range of 108 CFU/ml is applied.
Figure 3.2(a) shows the initial rendering of the proposed biosensor. The bio-
sensor was designed with a small LCD screen to display the results, 5 buttons
for menu functionality and a replaceable cartridge system that would allow the
changing of the transducer after use. Figure 3.2(b) is the complete biosensor.
The housing was 3D printed and covered in a laminated sheet. Figure 3.2(c)
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is the positive test results of the biosensor. It can be seen that with higher
concentrations of positive E. coli antigen, a higher response is measured.
3.2 Conclusion
Work on this project provided great personal insight into biosensing research.
Resistive based biosensors are a relatively new concept and therefore there
is little research in this ﬁeld, but it seems to be an innovative and elegantly
simple way to detect the presence of bacteria. The SAND team has begun ex-
perimenting with diﬀerent methods and techniques of biosensing which utilize
resistive based electronic sensing.
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Proposed Project Design
This chapter will focus on the design procedure as well as the design speciﬁc
research completed. The overall design steps of each biosensor component will
also be discussed. In the following chapters the full design speciﬁcations will
be detailed with characterizations and thereafter, the results will be discussed.
Initially the research focus was very broad, with the basic objective being
"Electrochemical Detection of Viruses". With this topic in mind, Prof. Willem
Perold contacted Prof. Gert van Zyl from the Virology Department, Stellen-
bosch University. A collaboration was formed as Prof. van Zyl would be able to
provide valuable information with regard to viruses. Due to this collaboration
and as Prof. van Zyl's specialty is HIV, it was decided that the research topic
be would reﬁned to "Electrochemical Detection of HIV DNA". By detecting
HIV DNA, instead of antibodies, it is possible that the three month window
period may be signiﬁcantly reduced. If the research results are positive, it is
also possible that any DNA sequence may be detected with minimal changes
to the overall design.
Chapter 2 gives a well deﬁned description of the generic biosensor setup, sen-
sing techniques used in biosensors and it reviews some relevant electrochem-
ical DNA based biosensors. Chapter 2 also gives a brief introduction to DNA
and HIV as well as the current methods and standards of screening for HIV.
Chapter 3 gives a brief background on previous biosensor work done at Stel-
lenbosch University as well as details on an E. coli biosensor designed by the
SAND team.
Using the knowledge gained from Chapter 2 and Chapter 3, a proposed project
design can be formulated. Referring back to the biosensing model in Chapter 2,
Figure 2.1, it can be seen that, when designing a biosensor there are four main
design decisions or components. Figure 4.1 shows a block diagram of these
components.
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Figure 4.1: Biosensor design block diagram.
The four components of an electrochemical biosensor are the biorecognition ele-
ment, immobilization technique, transducer and the electronic measurement
device. Depending on the design of the particular biosensor, each component
may or may not be mutually exclusive. So when making decisions, the cha-
racteristics of one component may aﬀect the design needs of the next. For this
reason, each design component needs to be carefully considered and the design
process must be iterative. The next sections will follow the design decision
procedure of each component.
4.1 Transducer
Due to the fact that the desired biosensor is electrochemical in nature, the
transducer was the ﬁrst component considered when design the began. The
concept of nanowires was introduced in Section 2.1.8.3. It has been discussed
that a good transducer has a relatively large surface area, which allows for
more binding sites of the biorecognition elements. Nanowires exhibit much
larger surface areas in comparison to planar surfaces. It was also noted that
nanowires are a good choice due to their ratio of surface atoms to interior
atoms (surface-to-volume ratio). This implies that the surface conductivity
may have a bigger impact on the overall conductivity. Therefore, external
inﬂuences by charged particles or biological species, increasingly inﬂuence the
conduction both on the wire surface and in the wire interior [18].
As mentioned in Section 3.1.2 and Section 3.1.3, the SAND team have previ-
ously conducted research on a microﬁber polymer mat with a conductive coat-
ing. While working with these microﬁber mats, a few negative characteristics
were found. It was found that the conductivity of the mats was very diﬃcult
to reproduce uniformly and in fact, it was near impossible. This was due to
the fact that the conductive coating was somewhat random and uncontrolled.
There was also a signiﬁcant amount of unbound conductive composite on the
mat which aﬀected the overall conductivity of the mat. Mat conductivity was
also drastically reduced when vigorously washed, which implied that the ma-
jority of the conductive properties of the mat was due to unbound conductive
composite. For these reasons it was decided that an alternative solution be
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found. An ideal solution to the problem would be an intrinsically conductive
ﬁber to reduce fabrication steps and ensure uniformity.
4.1.1 Conductive Fibers
Research was done in order to determine the possibility of either manufactu-
ring or ordering intrinsically conductive ﬁbers that are ideally in the nanoscale
range. The potential ﬁber must not only be conductive in nature, but also
suitable for biosensor use. It was found that the conductive properties of a
material can be altered by the pH level of a solution and thus the chosen ﬁber
must be conductively stable at a pH between 6-8, because most biocatalyst
and immunological reactions occur optimally at neutral pH [49].
Touhami [50] reports that one of the ﬁrst new nanomaterials used in conjunc-
tion with amperometric biosensors was the carbon nanotube (CNT), which
was doped into a number of diﬀerent polymer formulations to improve current
densities and overall performance of enzyme electrodes. Alocilja et al. [49]
have reviewed Polyaniline (PANI) as a conductive polymer for speciﬁc use in
biosensors. PANI is considered one of the best conductive polymers for bio-
sensing due to its stability in liquid form, promising conductive properties and
strong biomolecular interactions. Aussawasthien [51] conducted extensive re-
search on conductive nanoﬁbers which included materials such as Electrospun
Poly (Ethylene Oxide), Electrospun Polyaniline, Carbon Nanoﬁbers (CNFs),
and other nanocomposites. Aussawasthien also described the basic electro-
spinning process and compared the various properties of the diﬀerent materials
used to electrospin conductive ﬁbers. Finally Baker, et al. [52] used carbon
nanoﬁbers with biological molecules such as DNA. They reported that vertic-
ally aligned carbon nanoﬁbers (VACNF) can be eﬀectively functionalized with
biomolecules such as DNA. The results showed that carbon nanoﬁbers yield
a high density of biomolecular binding sites that exhibit excellent selectivity
with a high degree of accessibility. It was also reported that carbon nanoﬁbers
demonstrate good chemical stability.
These options were discussed with Prof. Peter Mallon from the Department of
Polymer Science, Stellenbosch University. A number of suggestions were made
which included electrospinning custom conductive nanoﬁbers using CNTs and
a polymer such as Polyaniline. It was decided, however, that the optimal solu-
tion would be to order a carbon ﬁber mat if possible. A carbon nanoﬁber or
CNF Nano-mat was ordered from Pyrograf Products, Inc. [53, 54]. Matlock-
Colangelo et al. [55] produced an article stating the many positive attributes
of carbon based biosensors and referenced a number of articles that utilized
carbon based materials in electrochemical biosensors.
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4.2 Immobilization Technique
Once the carbon nanoﬁber mat was chosen as the transducer, the biorecog-
nition element, as well as the immobilization technique, needed to be con-
sidered. A technique needed to be chosen that would allow DNA probes to bind
to the carbon nanoﬁber. Section 2.1.5 discusses the various immobilization
techniques available. Research on immobilization on carbon surfaces indicate
that the two main techniques of interest are SAM, avidin-biotin binding (Sec-
tion 2.1.5.2 and Section 2.1.5.3). In Section 2.1.3.4 it was discussed that DNA
probes could be modiﬁed with an addition of a tether. It is possible to add
a biotin tether to allow binding to avidin. It is also possible to add a thiol
tether to allow binding to a number of materials, but most commonly gold.
In order for either of these techniques to be utilized, it would be necessary to
ﬁrst deposit either gold or avidin onto the carbon nanoﬁbers. It was discussed
that the avidin-biotin bonds have a few disadvantages, such as unspeciﬁc ad-
sorption and the possibility of greater background signal. For these reasons
it was decided that gold-thiol SAM immobilization would be the best choice,
because gold is readily available, stable and easy to deposit and the gold-thiol
bond is relatively stable and well researched.
4.2.1 Depostion of Gold
There are a number of methods available for the deposition of gold, such as
thermal evaporation, sputter coating and electroplating. Due to the fact that
the gold deposition would be taking place on nanoﬁbers, the deposition itself
would need to be in the nanometer range. For this reason it was decided that
sputter coating of gold would be the best choice, as sputter coated particles are
in the single unit nanometer range. Sputter coaters are readily available and
the sputter procedure is relatively easy and non-damaging. Thermal evapora-
tion was also considered, but there are issues with non-uniform coverage and
the nanoﬁbers could also be potentially damaged. For similar reasons elec-
troplating was also decided against, as nano-particle gold powder would be
needed, which is not readily available and the procedure could also potentially
damage the nanoﬁbers.
4.3 Biorecognition Element
The biorecognition element is a vital part of any biosensor design. The de-
cisions made directly aﬀect the sensitivity, selectivity and reproducibility of a
sensor. With the help of Prof. van Zyl it was decided that the best biorecogni-
tion element to detect HIV would be a DNA Hairpin Probe. Section 2.1.3 com-
pares the diﬀerent biorecognition elements and more speciﬁcally Section 2.1.3.4
details some key advantages of DNA probes. Aside from the overall beneﬁts
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of DNA biorecognition, there are some HIV speciﬁc advantages as well. Re-
search shows that it is possible to detect HIV earlier using DNA/RNA over
traditional methods. As previously stated, the window period of detection for
HIV antibodies can range between 2-3 weeks to as long as 6 months. The
detection of HIV DNA/RNA can reduce the window period to as little as 3
days [56].
With Prof. van Zyl's assistance, two DNA hairpin probes were designed.
When designing a DNA probe, it is possible to add modiﬁcations to the DNA
sequence to aid in certain functions. Additions include DNA tethers, labels,
spacers, quenchers and many more [57]. It was decided that two DNA probes
would be designed. The ﬁrst probe design was used to verify that the DNA
probe correctly bound to the transducer during the immobilization process
and that the hairpin design operated correctly. The second probe design was
the DNA probe used for electronic detection. First a generic hairpin probe
is explained in Section 4.3.1 and then each DNA probe design is described in
Section 6.2 and Section 6.3.
4.3.1 DNA Hairpin Probe
Figure 4.2 shows a typical representation of a hairpin probe, otherwise known
as a molecular beacon. This particular example utilizes a ﬂuorescent la-
bel (ﬂuorophore) and a quencher. Fluorescence is brieﬂy described in Sec-
tion 2.1.7.1. The ﬁrst and last 4 bases of the probe sequence are complement-
ary (hairpin stem), which allows the probe to close in a loop or hairpin. When
closed, the ﬂuorophore and quencher are physically close together, this enables
the quencher to absorb the ﬂuorescence of the ﬂuorophore (quenched by en-
ergy transfer). This makes the ﬂuorescent signal more diﬃcult to detect. In
the presence of the target, the hairpin loop undergoes a conformational reor-
ganization, because the loop hybridizes with the target which forces the loop
to open. The hairpin stem is less stable than the binding between the loop
and the target and so will not close again once the target has been hybridized.
Once the loop has been opened, the quencher and ﬂuorophore are physically
separated, allowing the full ﬂuorescent signal to be detected [58, 59].
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Figure 4.2: Hairpin probe representation. When target DNA (Green line) is in-
troduced to hairpin probe/molecular beacon, the hairpin is opened
and the ﬂuorophore begins to ﬂuoresce. [59].
4.4 Electronic Measurement Design
In this section, the basic theoretical electronic measurement design will be dis-
cussed and Chapter 7 will discuss the full practical design.
At this point in the design procedure, the chosen transducer, biorecognition
element and immobilization technique can potentially be used in conjunction
with any electrochemical measurement technique as described in Section 2.1.8.
Due to the fact that resistive based biosensing is a relatively new concept, and
that the SAND team has begun research in this area (Chapter 3), it was de-
cided that the chosen electrochemical measurement technique should follow
on with resistive detection. As discussed in Section 2.4.3, Skotadis et al. [47]
conducted research on an innovative resistive based biosensor. Interdigitated
electrodes with platinum nanoparticles sputter coated between them were used
to create a relatively high resistance. DNA probes were immobilized on the
platinum nanoparticles and upon hybridization of target DNA to the probe, a
reduction in resistance was observed between the electrodes. The signal pro-
duced was due to the DNA probes creating direct electronic bridges between
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nanoparticles, hence creating shorter electronic paths between the interdigit-
ated electrodes.
In comparison, the biosensor being designed here is vastly diﬀerent. The trans-
ducer will be directly connected between two electronic spring probes creating
a direct path between them with a relatively low resistance due to carbon's
high conductivity. Upon positive hybridization of the target to the probe DNA,
there is a strong indication that the electrochemical characteristics of the car-
bon nano-ﬁber will be aﬀected and so a readable signal can be measured. In
Section 2.1.7.2 the electrochemical sensing principles are discussed. Since there
is a direct current ﬂow through the transducer and a change of electrochemical
characteristics being measured across on the carbon nanoﬁbers, this sensor falls
under the conductometry group. It should be noted however that the chosen
resistive technique is not like traditional biosensor research in that most de-
signed biosensors utilize the electrolytic interface between the transducer and
electronic sensor. The resistive technique chosen, as mentioned, utilizes a solid
interface of the CNFs between the electronic sensing probes which may yield
very diﬀerent results.
4.4.1 Design Investigation
A number of methods can be use to measure resistance. Mr Viviers from the
SAND team previously used the setup seen in Figure 4.3. Here a constant
voltage source is used in series with a known resistance, and the transducer
which has an unknown resistance. An oscilloscope was used to measure the
voltage across the transducer before and after the target has been introduced.
By using this setup, and simple voltage division equations, it is possible to
calculate the current through the known resistance and hence the transducer.
Using the calculated current, it is then simple to calculate the resistance of
the transducer. Practically however, readings are more accurate if the known
resistance is of a similar value to the unknown transducer resistance. This is
the reason for using the auto-ranging function on most ohmmeters.
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Figure 4.3: Voltage division circuit in order to calculate resistance [48].
The circuitry used in the E. coli project (Section 3.1.3) was an upgraded ver-
sion of Mr Viviers'. The same basic principle was used, but the oscilloscope
was replaced by a microcontroller with a 10-bit ADC (Analogue to Digital
Converter).
Due to the fact that a new transducer material was chosen (CNF) with a
possible unknown range of change in resistance, it was decided that a new
circuit design was necessary. The new design should be able to accurately
measure a variety of resistance ranges. This would allow for accurate readings if
the electrochemical changes are suﬃciently large and it also allows for possible
changes in transducer materials for other experimentations. When designing
circuitry for bio-recognition, a few variables must be taken into consideration
such as pH level, voltage and current. If the voltage or current is too high, there
is a possibility that the biological elements in the sample may be denatured
or damaged. It was also found, in previous work, that the electronic spring
probes that were used, get damaged over time due to oxidation and electrolysis
because of the salt buﬀers used to stabilize pH and dilute biological solutions
during experimentation.
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Figure 4.4: Auto ranging circuit using multiple inputs [60].
Initially an auto ranging design as seen in Figure 4.4 was considered. Here
multiple inputs are used with diodes to prevent reverse current ﬂow through
the unused input channels. If input 1 above R1 is held high, at 5 V, and all the
other inputs are held low then the voltage across Rx can be measured. If R1
and Rx are equal, then the voltage drop across Rx will be (5− 0.7)/2 = 2.15V
where 0.7 is the diode drop. If the voltage across Rx is less than or equal
to 2.15 V, we can assume that Rx is less than or equal to 220 ohms. If the
voltage across Rx is higher than 2.15 V then the process will be done again
by switching input 1 low and input 6 above R2 high and remeasuring the
voltage across Rx. The process is continued until the voltage of Rx is lower
than 2.15V, then it can be assumed that Rx is closest to the corresponding
known resistance and the actual resistance can be calculated with the same
voltage division calculations previously discussed [60]. The disadvantage of
this design is the necessity for multiple input sources in order to switch to
diﬀerent channels. Another issue is that the ideal equations assume that all
channel source voltages are equal, and the diode drops are also equal, whereas
in a practical environment, this would not be the case, which would mean that
every channel would need to be calibrated. For these reasons it was decided
that a new method for measuring resistance would be necessary.
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4.4.2 Proposed Electronic Design
Figure 4.5: Proposed new electronic design.
Figure 4.5 shows the new proposed electronic design. It was decided that a con-
stant current source would be used in place of a constant voltage source. This
would allow for better control of the current and voltage through the trans-
ducer and hence the biological elements. A known resistor is used here, but is
not necessary for the calculation of the transducers resistance. The known res-
istor is used to increase the readable voltage by the ADC and can also be used
to validate the instantaneous current to allow for more accurate resistance cal-
culations. In order to measure the resistance of the transducer, ﬁrst the voltage
(VRKnown) of the known resistor (RKnown) is measured and then the current
(IConstant) is calculated as seen in Equation (4.4.1). The calculated current
should be very close to the designed constant current value. Using a calcu-
lated current value instead of a constant value negates any errors in resistance
due to load and line regulation changes on the current source. Thereafter, the
voltage of the transducer (VTransducer) is measured and the transducer resis-
tance (RTransducer) is calculated by subtracting the voltage across the known
resistor (VRKnown) and dividing the result by the calculated current, as seen in
Equation (4.4.2).
IConstant =
VRKnown
RKnown
(4.4.1)
RTransducer =
(VTransducer − VRKnown)
IConstant
(4.4.2)
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It was decided that a better ADC resolution of 24 bits would be necessary
to ensure that even the smallest changes in resistance could be accurately
measured. Simple voltage followers and low pass ﬁlters, with a desired gain,
can also be used to ﬁlter out noise, amplify the signal and ensure stable ADC
inputs. It is also noted that the added sample solution during biological testing
will create an eﬀective parallel electrolytic resistance as seen in Figure 4.5, but
it is assumed that this will be a relatively high resistance and the low resistance
of the transducer will almost negate the electrolytic eﬀects.
4.5 Conclusion
In this chapter the theoretical background of design choices necessary to design
an electrochemical biosensor were discussed as well as a brief overview of the
ﬁnal design decisions. It was discussed, that there were four main biosensor
components that needed to be considered, these are the biorecognition ele-
ment, the immobilization technique, the transducer and the electronic meas-
uring method. Section 4.1 discussed the diﬀerent transducer options in terms
of conductive materials, and ﬁnally the decision was made to use a carbon
nano-ﬁber as the chosen transducer. Section 4.2 discussed the diﬀerent immo-
bilization techniques, especially in terms of DNA probe immobilization and
detailed the decision to utilize SAM by means of a gold-thiol bond. The biore-
cognition element decision to use hairpin DNA probes was noted in Section 4.3.
The hairpin probe was generically explained in terms of operation. Finally Sec-
tion 4.4 described past resistive measurement designs as well as other potential
methods. It was discussed that a new measurement circuit would be designed
that would use a constant current source in the place of a voltage source.
In conclusion, all the necessary design components and decisions needed to
design a biosensor to detect the presence of HIV DNA were discussed in full.
The next chapters will detail the speciﬁc designs of each component, the cha-
racteristics and ﬁnal results.
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Carbon Nanoﬁbers
Section 4.1.1 discussed the decision to purchase a conductive carbon nanoﬁber
mat from Pyrograf Products, Inc. [53, 54]. This chapter will characterize
the CNFs, detail the process of cutting the CNF mat to the correct size for
biosensing and characterize the sputter coating of gold onto the CNFs in pre-
paration of the immobilization process.
5.1 Nanoﬁber Characteristics
The PR-19 range of carbon nanoﬁbers from Pyrograf Products, Inc. has an
average diameter of about 150nm and has a chemically vapor deposited (CVD)
layer of carbon on the surface of the CNF over a graphitic tubular core ﬁber
(catalytic layer) as shown in Figure 5.1. CNFs are produced in a vapor phase,
and as a result they generally become entangled during growth, producing a
mesh-like conﬁguration [54]. The paper form of the PR-19 range, also called
the CNF Nano-mat, has a backing of non-woven carbon fabric on which the
speciﬁc PR-19 product is formed.
Figure 5.1: Transmission electron micrograph of the PR-19 product[54].
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A key advantage, as can be seen in Figure 5.1, is a hollow core which reduces
the overall volume of the CNF. As previously discussed, if the surface-to-
volume ratio of a nanowire (or in this case nanoﬁber) is high, the inﬂuence of
the biological species on the conduction of the surface and interior of the CNF
is drastically increased (Section 2.1.8.3).
The speciﬁc product ordered from Pyrograf Products, Inc. is called PR-19-
XT-LHT in paper form. The LHT grade is produced by heat treating to
temperatures up to 1500, which allows for the highest conductivity in nano-
composites. The reported applications for this CNF type are both mechanical,
and electrical [53, 54].
PR-19-XT-LHT Carbon nanoﬁber properties
 Fiber diameter, nm (average): 150
 CVD carbon overcoat present on ﬁber: no
 Surface area, m2/gm: 20-30
 Dispersive surface energy, mJ/m2: 120-140
 Moisture, wt%: <5
 Iron, parts per million (ppm): <14,000
 Polyaromatic hydrocarbons, mg PAH/gm ﬁber: <1
The size of the nano-mat ordered was 18" x 18" (45.72 cm x 45.72 cm). A small
sample was taken to test the mechanical strength and stability of the CNF mat.
It was found that the CNF mat can be cut with scissors and handled by hand,
but are relatively brittle and would break down to a powder if mishandled.
A sample was also put into a beaker with water and ultrasonically bathed.
It was found that after a few seconds the sample was completely destroyed.
These tests indicated that the CNFs are fragile and need to be handled with
care during all experimental procedures.
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(a) (b)
(c)
Figure 5.2: Carbon nanoﬁber imaging.
Figure 5.2(a) and Figure 5.2(b) are SEM images of the CNF mat taken on
a Phenom SEM and show the overall surface arrangement of the samples.
The ﬁbers form many randomly clumped groups. Figure 5.2(c) is an image
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taken on the Merlin SEM from the CAF Unit in the Geology Department of
Stellenbosch University. The speciﬁcations stated that the average diameter
of the CNFs is 150nm, Figure 5.2(c) validates that the speciﬁcations, are on
average, correct.
Figure 5.3: Non-woven carbon backing.
Figure 5.3 shows the non-woven carbon backing support structure of the na-
noﬁbers taken on the Phenom SEM. It can be seen that one ﬁber was measured
at 7 µm. The backing is considerably larger in diameter than the PR-19-XT-
LHT nanoﬁbers with an average diameter around 10µm.
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(a)
(b) (c) (d) (e)
Figure 5.4: Carbon nanoﬁber EDX elemental map.
Using the SEM images obtained on the Merlin, an Energy Dispersive X-Ray
Spectroscopy (EDX) analysis was performed in order to visualize the elemental
properties of the CNF mat. The elemental map ﬁgures depicted in Figure 5.4,
show that the majority of the ﬁbers are made up of carbon, but trace amounts
of oxygen, iron and sulfur were registered. Figure 5.5 shows the exact weight
percentage of the elements registered. It can be seen that 89.2% of the ﬁber
is made up of carbon, with 9.9% being oxygen, and iron and sulfur being a
negligible weight percentage. The system also registered a possibility of copper,
but the signal is not certain, which is why Cu is in red text.
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Figure 5.5: Energy Dispersive X-Ray Spectroscopy (EDX) analysis of Carbon
Nanoﬁbers.
5.2 Cutting of Nanoﬁbers
As mentioned, the CNF mats were delivered as 45.72 cm x 45.72 cm sheets.
The desired size of the transducer is less than 1 cm x 1 cm and so it was quickly
determined that cutting the mat by hand with scissors or a guillotine would
not be a suitable method due to the ﬁbers brittle nature, diﬃculty to produce
uniform samples and the possible contamination of the ﬁbers. A number of
options were investigated, which included the manufacture of a die cutter
(similar to a "cookie cutter" or punch that would make multiple transducer
sized samples at a time.). It was found that a die cutter would not be suitable
as manufacturing such small cutting areas would be expensive and there is a
possibility of iron contamination from the die cutter blades. The ﬁnal decision
was that laser cutting would be the best method to cut the CNF mat as it
allows uniformity and little to no contamination or damage. Laser cutting
provides accurate, consistent and detailed cuts and because it vaporizes the
materials it cuts, no external contamination is left on the material.
5.2.1 Laser Cutting Nanoﬁbers
This section details the investigation into laser cutting of the CNF mat. A
number of diﬀerent laser cutters were tested that were found either at Stellen-
bosch University or local businesses within the Western Cape.
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The two most common laser cutter types are the Yag and CO2 types. Most
laser cutters come in diﬀerent power ratings which inﬂuence the depth and
precision of a cut, depending on the material.
5.2.1.1 Blue Laser Diode Cutting
The ﬁrst laser cutter tested was a low cost 3 Watt blue laser diode type cutter
owned by the Physics Department of Stellenbosch University. This type of
laser diode is generally used for engraving purposes and can engrave many
materials, including wood, plastic and paper.
(a) (b)
Figure 5.6: Blue laser diode results. In the red shaded area, it can be seen that
the nanoﬁbers were removed but the carbon microﬁber backbone was not.
In Figure 5.6(a) and Figure 5.6(b) it can clearly be seen that the blue laser
diode was able to cut through the CNFs, but did not cut the thicker non-woven
carbon backing. The laser cutter was not able to cut completely through the
CNF and the laser cut width was relatively large (shaded red), implying that
the laser focal point was not optimal. Figure 5.6(a) and Figure 5.6(b) were
captured on the Phenom SEM.
5.2.1.2 Yag Laser Cutting
The second laser cutter tested was a 3 Watt 1064 nm wavelength YAG laser
cutter. This device belonged to David Powers.
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(a) (b)
Figure 5.7: Yag laser cutter results.
It can be seen in Figure 5.7(a) and Figure 5.7(b) that the yag laser results are
better than those in the previous test. The laser was able to cut through the
nanoﬁbers and the backing. However, it can be seen that there was a wide focal
area causing the surrounding nanoﬁbers to absorb energy and vaporize, but the
energy was not suﬃcient to vaporize the thicker carbon backing (shaded red).
It was also noted that the laser cutter was not in an enclosed environment and
the work area was in an oﬃce, not in a laboratory setup, which may have lead
to contamination of the nanoﬁbers.
5.2.1.3 Gebrateq CO2 Laser Cutting
The third laser cutter tested was the 80 W Beyond CNC CO2 laser cutter.
This laser cutter is owned by Gebrateq Advanced Engineering [61]. The laser
cutter allowed for diﬀerent power and speed settings. 20% and 12% power
settings and a speed setting of 20 mm/s were tested. It was noted that the
laser cutter was used in an industrial factory setting for the manufacture of
mechanical parts which means that contamination of the ﬁbers may occur.
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(a) (b)
Figure 5.8: Beyond CNC CO2 laser cutter: 12% power rating results.
Figure 5.8(a) and Figure 5.8(b) show a marked improvement in the laser cut-
ting of the nanoﬁbers with an almost straight cut through the entire ﬁber
barring a few backing ﬁbers. Figure 5.9(a) and Figure 5.9(b) show that the
ﬁber is completely and cleanly cut through, thus implying that a higher power
rating will vaporize and cut the ﬁbers more eﬃciently.
(a) (b)
Figure 5.9: Beyond CNC CO2 laser cutter: 20% power rating results.
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5.2.1.4 Boyd and Ogier CO2 Laser Cutting
The ﬁnal laser cutter tested was a 60 Watt Speedy 300 Trotec CO2 laser cutter
belonging to Boyd and Ogier, an architectural model making company.
(a) (b)
Figure 5.10: Speedy 300 Trotec CO2 laser cutter: 15% power rating results.
Figure 5.10(a) and Figure 5.10(b) show that the 60 Watt laser had much the
same results as the previous 80 Watt laser. The ﬁbers were cleanly cut straight
through with a well deﬁned focal point. Boyd and Ogier have previously
worked with the laser cutting of nanoﬁbers and thus have some experience
with controlling the environment while cutting, but the area is still a factory
setting which is not contamination free. All samples used for biosensing were
cut using this laser cutter. It was necessary to investigate a good backing
material to avoid contamination which is explained in the next section.
5.2.1.5 Backing for Materials during Laser Cutting
During laser cutter testing, a few diﬀerent backing materials were tested. The
backing material is a substrate used underneath the sample being cut by the
laser cutter. Usually this backing is a steel honeycomb grid, as it has very
little exposed surface area that may reﬂect or absorb the laser energy. Un-
fortunately the honeycomb grid was not optimal, as the small ﬁber sample
sizes would fall through the honeycomb holes and there is a high likelihood of
contamination from the original laser cutter honeycomb grid.
A common household ceramic tile was suggested as it was thought that there
would be little reﬂection and the ceramic tile would absorb the laser energy
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without being cut. Unfortunately this was not the case as can be seen in
Figure 5.11. Figure 5.11(a), Figure 5.11(b) and Figure 5.11(c) which show a
visible contamination on the ﬁbers in the form of small beads that have been
deposited onto the ﬁbers. The EDX analysis in Figure 5.11(d) shows that there
is a signiﬁcant weight percentage of contamination elements, namely 4.3% Si,
1.3% Ca, 1% Zn, 0.9% Na, 0.8% Al, 0.5% K and 0.3% Mg.
(a) (b)
(c) (d)
Figure 5.11: Laser cutting on ceramic backing.
A stainless steel sheet that was orbital sanded to reduce reﬂection was also
tested. The laser cuts seemed to be clean and contamination free as seen in
Figure 5.12. The EDX analysis yielded much the same results as the original
ﬁber analysis. It was seen that there was some ﬁber debris and scorching of
the steel after laser cutting, indicating that there was some reﬂection of the
laser energy underneath the CNF, but this did not seem to aﬀect the samples
noticeably.
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(a) (b)
Figure 5.12: Laser cutting on stainless steel backing.
5.3 Gold Sputter Coating
A gold deposit is needed on the CNF mat to enable immobilization of the
DNA probes via gold-thiol bonding. In order to deposit gold onto the mat, a
Quorum Q150T ES sputter coater from the Physics Department of the Uni-
versity of Western Cape was used. The sputter coater has a rotating substrate
holder to allow for more uniform coatings. The sputter coater has a quartz
crystal microbalance (QCM) sensor that can accurately control the thickness
of the deposited material. It was decided that diﬀerent thicknesses of gold
would be tested ranging from 5, 10, 15, 20 and 25 nm.
The ﬁgures in Figure 5.13 were taken on the Merlin SEM from the CAF unit
at the Geology Department of Stellenbosch University at 60k magniﬁcation.
It can be seen that a 5nm deposit (Figure 5.13(b)) covers the majority of the
top surface of the ﬁbers' but there are small cracks in the gold, most likely due
to golds natural aﬃnity to itself creating small SAMs across the surface. As
the gold thickness increases, these cracks are reduced almost completely. The
rotating substrate holder of the sputter coater allowed for a uniform deposit
across the ﬁbers' top surfaces and it also allowed some deposit of gold on the
sides of the ﬁber as well, which decreased the chance of the gold from coming
oﬀ.
The ﬁgures in Figure 5.14 were taken on the Merlin SEM from the CAF unit
at the Geology Department of Stellenbosch University at 15k magniﬁcation.
Here a bigger picture of the ﬁber is seen. The gold deposit forms around each
individual ﬁber with little to no pooling of gold between multiple ﬁbers.
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(a) No Gold (b) 5nm
(c) 10nm (d) 15nm
(e) 20nm (f) 25nm
Figure 5.13: 60k times magniﬁcation SEM of gold deposited on nanoﬁbers
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(a) No Gold (b) 5nm
(c) 10nm (d) 15nm
(e) 20nm (f) 25nm
Figure 5.14: 15k times magniﬁcation SEM of gold deposited on nanoﬁbers
Finally, the results depicted in Table 5.1 and Table 5.2 show the elemental
composition of the samples as either a weight% or oxide%. Table 5.1 gives
a good indication of the dominating elements in terms of weight/density, but
here oxygen is considered an independent entity which is highly unlikely due
to the high vacuum environment during analysis. Therefore, the elemental
composition is also analyzed as oxides, in order to better quantify the identiﬁed
elements, excluding oxygen. It can be seen in Table 5.1 that when the gold
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 5. CARBON NANOFIBERS 71
Result Type Weight %
Spectrum Label C O S Ca Fe Au Total
No Au 1 87.71 11.36 0.17 0.09 0.67 0 100
No Au 2 89.77 9.47 0.13 0.02 0.61 0 100
5 nm 1 87.34 11.37 0.16 0 0.97 0.16 100
5 nm 2 91 6.77 0.22 0 0.84 1.16 100
5 nm 3 89.43 5.66 0.16 0 0.8 3.95 100
10 nm 1 83.57 6.1 0.15 0 0.6 9.58 100
10 nm 3 85.3 3.94 0.13 0.03 1 9.61 100
15 nm 1 75.38 2.75 0.15 0 0.57 21.16 100
15 nm 2 77.14 2.26 0.11 0 0.55 19.94 100
20 nm 1 66.02 2 0.3 0 0.78 30.9 100
20 nm 2 71.31 1.89 0.16 0.07 0.56 26.01 100
25 nm 1 65.66 2.36 0.2 0 0.52 31.25 100
25 nm 2 57.49 0.97 0.18 0.05 0.77 40.53 100
Table 5.1: EDX weight % analysis tabular form
Result Type Oxide %
Spectrum Label C O S Ca Fe Au Total
No Au 1 99.75 0.08 0.02 0.15 0 100
No Au 2 99.81 0.06 0.01 0.12 0 100
5 nm 1 99.68 0.08 0 0.22 0.03 100
5 nm 2 99.49 0.1 0 0.18 0.23 100
5 nm 3 98.88 0.08 0 0.18 0.86 100
10 nm 1 97.19 0.08 0 0.17 2.56 100
10 nm 3 97.16 0.07 0.01 0.27 2.49 100
15 nm 1 92.43 0.09 0 0.21 7.27 100
15 nm 2 93.14 0.07 0 0.19 6.59 100
20 nm 1 86.61 0.23 0 0.35 12.81 100
20 nm 2 89.87 0.11 0.03 0.22 9.77 100
25 nm 1 86.61 0.15 0 0.24 13 100
25 nm 2 80.34 0.15 0.02 0.4 19.08 100
Table 5.2: EDX oxide % analysis tabular form.
thickness reaches 25 nm, the weight percentage reaches up to 40% due to gold's
high density. Table 5.2 shows that carbon is in the majority as an oxide %. In
both tables the other elements make up very little of the overall composition
and never exceed 1% of either the weight or oxide %.
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5.4 Conclusion
In this chapter the carbon nanoﬁber was investigated, and the unique proper-
ties of the ﬁber were detailed and characterized. A suitable method for cutting
the CNF mats was investigated that would allow for small, uniform and un-
contaminated samples. This was done by means of a laser cutter. Various
laser cutters were tested and the most optimal chosen, as well as a suitable
backing material. Finally the results of the sputter coating of gold onto the
ﬁbers was shown, which yielded very positive results. Diﬀerent thicknesses of
5, 10, 15, 20, 25 nm of gold were tested, with most resulting in complete and
uniform covering of gold on individual ﬁbers.
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Chapter 6
DNA Hairpin Probe Design
In Section 4.3.1, the generic hairpin DNA probe was explained. This chapter
fully details the design and operation of the two DNA probes that are to be
used in experimentation. The ﬁrst DNA probe is used to validate the positive
immobilization of the DNA probe to the transducer, as well as the correct
operation of the hairpin loop. This is done by the use of a ﬂuorescent label
that can be visually captured by confocal microscopy. The second probe was
designed for the ﬁnal electronic experiments. This probe utilizes a ferrocene
label in order to increase the possibility of electrochemical signals.
6.1 Target DNA Sequence
In order to uniquely detect HIV, it was necessary to design the probe DNA se-
quence so that it matched as a complementary to a small portion of the actual
single stranded HIV DNA sequence, also known as the target DNA. Prof. van
Zyl provided a commonly used HIV target sequence. This DNA sequence was
then synthesized and ordered from Inqaba Biotec [62] to be used as the ﬁnal
target DNA in experimentation. The designed target DNA length is 33 bases
long with no modiﬁcations. The complete target DNA sequence is given by:
AGT GCA GGG GAA AGA ATA ATA GAC ATA ATA GCA
(6.1.1)
The target DNA datasheet can be found in Appendix A.2.
6.1.1 Hybridized Target Tm
Using the online OligoAnalyzer 3.1 tool from IDT [63], the melting temperature
of the Target DNA when hybridized to the exact complimentary sequence, can
be calculated. The analyzer reported a Tm of 59. The Tm is described in
Section 2.3.1.4.
73
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 6. DNA HAIRPIN PROBE DESIGN 74
6.1.2 Target Self-Dimer
Using the OligoAnalyzer 3.1 tool, the self-dimers of the target can also be
estimated. There are many possible combinations and so only the most prob-
able self dimer is shown in Figure 6.1. The concept of self-dimers is brieﬂy
explained in Section 2.3.1.5.
Figure 6.1: The most likely self dimer formed by two ssDNA target sequences.
[63].
It can be seen that the most likely secondary structure of the target sequence,
will form at most 4 hydrogen bonds (denoted |) which will require very little
energy (heat) to break these bonds.
6.2 Fluorescent Labeled Probe Design
This section will describe the ﬁrst DNA hairpin probe design. The probe was
designed in a similar manner to the example Figure 4.2. Fluorescence is used
to visually validate the immobilization and target hybridization procedures.
Fluorescence is brieﬂy described in Section 2.1.7.1. If ﬂuorescence is detected
then this validates that the DNA probe correctly bound to the transducer
and that the target DNA forced the hairpin probe to open and allow the
ﬂuorescent signal to be detected. The probe was ordered from Integrated
DNA Technologies [64]. From this point forward the ﬂuorescent hairpin probe
DNA will be referred to as FL probes.
6.2.1 Fluorescent Probe DNA Sequence
The designed FL probe sequence as seen is given by:
5'-/5DTPA//iSpC3//iCy3/CAG GGG TGC TAT TAT GTC TAT TAT TCT
TTC CCC TG/3IAbRQSp/-3'
(6.2.1)
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and has 35 bases and a number of modiﬁcations which will be explained in the
following sections. The speciﬁcation sheet of the FL probe as well as advice
for resuspension is found in Appendix A.3.
6.2.1.1 5DTPA
DTPA or Dithiol linker is a versatile linking reagent with each insertion provi-
ding two thiol (SH) functional groups. This thiol modiﬁcation is used to couple
DNA probes to ligands or surfaces, such as gold. The long term stability of
the monothiol-gold bond is a major issue for chemical sensors based on thiol-
capped gold surfaces. However, it has been demonstrated that functionalizing
gold with polythiol anchoring results in an unrivaled stability of the deriva-
tized gold surface [65]. DTPA can be inserted at any position in an oligo which
in this case is on the 5' end, hence the name 5DTPA. Figure 6.2 depicts the
chemical structure of the DTPA and the functional groups that bind to gold.
S S
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O
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oligonucleotide3' OH
-
AU
5
Figure 6.2: Dithiol (DTPA) linker providing two thiol (SH) functional groups
that bind to gold. Image edited from [65].
6.2.1.2 iCy3
Int Cy3 or Internal Cy3 is a red ﬂuorescent dye modiﬁcation that is added
to the DNA probe with a maximum emission wavelength of 564 nm [66].
6.2.1.3 iSpC3
Int C3 Spacer is a DNA modiﬁcation that provides space between other com-
ponents in the DNA sequence or the substrate surface. Spacers impart a
number of desirable characteristics, such as stability to enzymatic degrada-
tion. The spacer in this case also provides some distance from the nanoﬁber
surface to allow freedom for the hairpin to form without surface interference.
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6.2.1.4 3IAbRQSp
3' Iowa Black®RQ-Sp is a part of a new family of dark quenchers developed by
IDT. They have excellent properties for use in ﬂuorescence quenched probes.
These compounds are stable over a wide range of conditions, including pH and
heat. The quencher has a broad absorbance spectra ranging from 420 nm to
620 nm, with peak absorbance at 531 nm [67]. This indicates that when near
the Int Cy3 ﬂuorescent dye, the quencher will eﬃciently adsorb the emitted
ﬂuorescence.
6.2.2 Fluorescent Hairpin Probe Operation
Figure 6.3: FL probe design when closed.
Figure 6.4: FL probe design when open and hybridized to target DNA.
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Figure 6.3 and Figure 6.4 show the operation of the designed FL probe. When
the hairpin is closed it can be seen that the ﬁrst 6 bases on the 5' of the
DNA sequence bind to the complementary last 6 bases on the 3' end of the
sequence. This conﬁguration forces the ﬂuorescent dye next to the quencher
and thus reduces the ﬂuorescent signal visible. The spacer is between the
thiol linker and ﬂuorescent dye to enable to the dye to emit eﬃciently without
interference from the substrate surface. The spacer also provides room for the
FL probe to open and close. Figure 6.4 shows what happens when the FL
probe is opened and the target DNA is introduced. Only 29 bases of the 33
based target will bind to the FL probe. The ﬂuorescent dye will no longer be
quenched and the signal will be fully visible. It can be seen that the ﬁrst 6
bases on the 5' end of the FL probe do not bind to the target DNA. These
ﬁrst 6 bases are added as a complementary to the last 6 bases on the 3' end
of the FL probe to form the hairpin stem. It can be seen that the last 6 bases
of the FL probe do however bind to the target DNA.
6.2.3 Hairpin Structure Tm
Using the OligoAnalyzer 3.1 tool, the FL probe structure can be simulated
and the Tm calculated. The analyzer reports a melting temperature of 51.3
for the FL probe.
6.2.4 Self Dimers
Using the OligoAnalyzer 3.1 tool, the secondary structure of the FL probe
can be estimated. Here again only the most probable self dimer is shown in
Figure 6.5.
Figure 6.5: The most likely self dimer formed by the FL probe. [63].
Figure 6.5 shows that the most likely secondary structure of the FL probe
will form 6 hydrogen bonds (denoted |) exactly where the stem of the hairpin
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was designed and there will also likely be much weaker van der Waals bonds
(denoted :) at 12 other base pairs. This should not greatly eﬀect the overall
operation of the hairpin.
6.3 Ferrocene Labeled Probe Design
Once the immobilization technique as well as the hairpin probe operation has
been validated, the electrochemical experimentation can begin. Fluorescent
modiﬁcations are no longer necessary for the electrochemical experimentation
and so a new modiﬁcation can be chosen that will aid in the production of an
electronic signal.
Sarma [68] reported that several research groups have studied DNA modi-
ﬁcations of covalently attached redox-active molecules such as ferrocene. It is
seen that upon hybridization with a complementary sequence, there is a change
in the electrochemical response of the attached ferrocene moiety. It has been
reported that there have been studies utilizing a hairpin loop DNA probe with
a ferrocene modiﬁcation and upon hybridization of the target sequence, a large
decrease in redox currents was observed [68]. The explanation to these results
is that when the hairpin loop is closed, the ferrocene modiﬁcation is held phys-
ically close to the conductive substrate surface allowing rapid electron transfer
and eﬃcient redox of the ferrocene modiﬁcation. Once the target is present
and the hairpin loop has been opened, the ferrocene modiﬁcation is separated
from the electrode surface and hence there is a decrease in the redox signal.
For these reasons it was decided that the ﬂuorescent modiﬁcation be replaced
with a ferrocene modiﬁcation with the expectation that the electrochemical re-
sponse will be improved. Once again Prof. van Zyl provided the full ferrocene
probe design and the DNA probe was ordered from Trilink Biotechnologies [69].
From this point forward the ferrocene hairpin probe DNA will be referred to
as FE probe.
6.3.1 Ferrocene Probe DNA Sequence
The designed FE probe is given by:
5'(dT-Ferrocene)CAG GGG TGC TAT TAT GTC TAT TAT TCT TTC CCC
TGC AC (C6 Spacer)(DTPA)(DTPA)3'
(6.3.1)
and is essentially the same as the previously designed FL probe, except that
there are 3 additional bases. This is because the ends of the FL probe needed
to be parallel to allow the quencher to quench the ﬂuorophore. There is also an
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additional dithiol (DTPA) linker, which means there are now four thiol (SH)
functional groups for binding to gold, which is said to be almost equivalent to
a covalent bond. The DPTA and spacer modiﬁcations were also moved from
the 5' end to the 3' end for manufacturing reasons. The modiﬁcations which
are the same as the FL probe were explained in Section 6.2. There are no
longer ﬂuorescent or quencher modiﬁcations and the ferrocene modiﬁcation is
added, which will be brieﬂy explained. The certiﬁcate of analysis for the FE
probe is included in Appendix A.4.
6.3.1.1 dT-Ferrocene
Figure 6.6: Ferrocene modiﬁcation [69].
Figure 6.6 depicts the ferrocene modiﬁcation structure. Ferrocene is comprised
of two cyclopentadienyl rings bound by a central iron atom. Modiﬁcation of the
5-position of thymidine with ferrocene does not disrupt regular Watson-Crick
base pairing and allows multiple incorporations into a single oligonucleotide
probe. Ferrocene modiﬁcations can be used in various sensing techniques in-
cluding detection via electrochemical signal through a gold substrate, electro-
chemical based aptamer sensors for speciﬁc biomolecule detection and as an
alternative to ﬂuorescent-based probes in DNA microarray systems [69].
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6.3.2 Ferrocene Hairpin Probe Operation
Figure 6.7: FE probe design when closed.
Figure 6.8: FE probe design when open and hybridized to target DNA.
Figure 6.7 and Figure 6.8 show the operation of the FE probe. The FE probe
operates in much the same way as the previous FL probe with some minor
changes. It can be seen that the dithiol and spacer modiﬁcations are now on
the 3' end instead of the 5' end. There are 3 nucleotide bases on the 3' end
that are not part of the hairpin stem, but this is not an issue as there is no
longer a need for the stem to be parallel for the quencher and ﬂuorophore.
When the hairpin is closed, the ferrocene modiﬁcation is physically close to
the nanoﬁber substrate and when the hairpin has been opened the ferrocene is
moved further away from the nanoﬁbers. Figure 6.8 shows that there is more
base pair matching with the target in comparison to the FL probe with 31
base pair matches.
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6.3.3 Hairpin Structure Tm
Using the OligoAnalyzer 3.1 tool, the FE probe structure can be simulated
and the Tm calculated. The analyzer reports a melting temperature of 51.6
for the FE probe.
6.3.4 Self Dimers
Using the OligoAnalyzer 3.1 tool, the secondary structure of the FE probe
can be estimated. Here again, only the most probable self dimer is shown in
Figure 6.9.
Figure 6.9: The most likely self dimer formed by the FL probe [63].
Figure 6.9 shows that the most likely secondary structure of the FE probe
will form 6 hydrogen bonds (denoted |) exactly where the stem of the hairpin
was designed and there will also likely be much weaker van der Waals bonds
(denoted :) at 12 other base pairs. The secondary structure of the FE probe
is very similar to the FL probe, although there are three free bases on the 3'
end.
6.4 Conclusion
In this chapter two HIV DNA probes were designed and explained. The ﬁrst
incorporated a ﬂuorescent label, as well as a quencher that would allow for
the validation of immobilization and hairpin operation. The second probe was
modiﬁed speciﬁcally for electronic detection, using a ferrocene modiﬁer. The
target DNA was also detailed and the probe-target hybridization was explained
for both probes. The Tm and most the likely self-dimers (secondary structures)
were also estimated using the IDT OligoAnalyzer 3.1 for both probes.
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Chapter 7
Electronic Sensor Design
Section 4.4 discussed the decision to use resistive measurement as the chosen
electrochemical signal from the biosensor. Figure 4.5 depicts the theoretical
design of the resistive measuring circuit. In this chapter the complete mea-
surement circuit, including hardware and user software will be described. The
circuitry is designed in such a way that it is easily conﬁgurable for diﬀerent
applications and signal ranges. Speciﬁcally, the hardware communication was
programmed in a simple manner that would allow various serial communi-
cation devices to receive the measured signals. The hardware was designed
to allow for a change in constant current, gain of signal ampliﬁcation, low
pass ﬁlter frequency, voltage reference of the ADC and the option to use an
external power supply for the circuitry or the standard 5 V supply from most
serial devices.
Figure 7.1 depicts the block diagram of the electronic measurement design.
A microprocessor is used to interface between the serial device, hardware
and ADC. An Arduino Leonardo is used for these functions. The chosen
serial device is a Windows personal computer, using a Python programmed
GUI (graphic user interface) to interface via USB (Universal Serial Bus) serial
communication. However, a diﬀerent serial device such as a cellphone or any
other handheld device can be chosen without any changes to hardware or mi-
croprocessor software needed. The power supply can either be sourced from
the 5 V output of the USB port or an external source such as battery/PSU
(Power Supply Unit). External power supply regulation was designed because
certain laptops USB supplies are not stable and the Arduino's voltage line and
load regulation is not optimal. The complete circuit schematic can be seen in
Figure 7.2. In the next sections the design procedure will be described in a
modular fashion and will describe the choice of hardware and all corresponding
calculations.
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Figure 7.1: Electronic measurement block diagram.
7.1 Design Considerations
During the design process, a number of prototype circuits were built and tested
to ensure stable and accurate readings. A number of design considerations
were already known but the initial prototype circuits also provided valuable
information for the ﬁnal circuit design. The design considerations of the ﬁnal
circuit are brieﬂy explained.
7.1.1 Constant Current Value
It was explained that a constant current source would be used in order to cal-
culate the resistance of the transducer of the biosensor. When using organic
materials, the electrochemical limitations of the bio-materials must be taken
into account to prevent damage. A number of electrochemical biosensors art-
icles that speciﬁcally used DNA were compared to identify the current and
voltage limitations of DNA. Skotadis et al. [47] did not speciﬁcally detail the
current limitations of the biosensor but noted a Keithley 2400 Multimeter was
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used for resistive measurements. The Keithley 2400 Multimeter has a conﬁg-
urable voltage or current source when measuring resistance with the current
source output ranging from 50 pA to 1.05 A [47]. The majority of DNA speciﬁc
electrochemical biosensor research found was based on voltammetric techno-
logy. This method analyzes the bio-sample in an electrolytic solution which
may not result in current ﬂow directly through the organic materials. The
voltage and current used in these articles were, however, still limited to relat-
ively low levels. The current value ranges observed were widely spread from
a considerably low range of 150 nA [70], to an average of around 5 µA - 20
µA [71, 52, 18] and a relatively high current of about 400 µA [46]. From these
articles it can be deduced that the constant current source should be designed
to output as low a current as possible.
7.1.2 ADC Resolution
In order to get accurate resistance measurements, as well as the ability to
register a very small change in the resistance of the transducer, the resolution
of the ADC used, is vitally important. With a relatively low current supply,
this becomes even more important, as will be discussed. The lowest voltage
an ADC can measure (VResolution) is calculated by its own voltage reference
divided by the ADC bit resolution.
VResolution =
Vreference
2bit resolution
. (7.1.1)
Using the circuitry described in Figure 4.5, it is then possible to calculate the
lowest resistance measurement achievable. Assuming no signal ampliﬁcation or
known resistor (RKnown = 0 Ω), the resistance resolution of the circuit can be
calculated by dividing the voltage resolution by the designed constant current.
RResolution =
VResolution
IConstant
. (7.1.2)
The Arduino Leonardo has a 10-bit ADC resolution with either a 5 V or 1.1
V voltage reference. As an example, if the chosen constant current was 5 µA,
the lowest possible resistance resolution, using a 1.1 V reference voltage, would
be 214 Ω. By using a 24-bit external ADC and if the voltage reference and
current is kept the same as the previous example, the lowest possible resistance
measurement would then be 13.11 mΩ. For these reasons an external ADC
is the best choice, because the ADC resolution as well as the ADC voltage
reference can be chosen.
7.1.3 Signal Ampliﬁcation and Filtering
Due to the fact that the constant current is designed at a relatively low value
(µA range), the voltage signal to the ADC will also be relatively low with a
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high possibility of signal and resistive noise. For these reasons signal ampliﬁ-
cation and low pass ﬁltering may be necessary. Applying ampliﬁcation to the
signal will reduce the eﬀective range the ADC can measure, because the ADC
reference voltage is eﬀectively divided by the ampliﬁcation unit. By reducing
the ADC range, the maximum resistance that can be calculated is reduced.
Due to the fact that the signal to the ADC is a DC voltage, almost all noise
can be ﬁltered out by the use of a low pass ﬁlter (LPF), but the ﬁlter response
may be slow if the LPF is not designed correctly. It is noted that resistive noise
will not be completely removed, due to the fact that the LPFs and ampliﬁers
will introduce their own inherent resistive noise.
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Figure 7.2: Electronic measurement schematic.
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7.2 Spice Simulations
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Figure 7.3: 3.3 V Supply LtSpice simulation with real time noise.
The analogue portion of the circuit design was simulated using LTspice XVII.
As mentioned, a number of prototype circuits were built which meant it was
possible to record real data output and use these values for the next iteration of
the Spice simulations. Selected voltage supplies, as well as the voltage inputs
to the ADC channels were recorded on an oscilloscope (Tektronix TDS 1002B)
and saved to a .csv ﬁle, to be used by LTspice as simulated voltage sources.
Figure 7.3 shows the Spice model used to simulate the 3.3 V supply which
provides power to the constant current source. Using real time values for the
3.3 V supply, provides valuable information regarding the noise rejection and
ﬁltering as well as voltage rise times. Figure 7.4(a) shows a switching 3.3 V
supply. Figure 7.4(b) shows the same 3.3 V supply but zoomed in, to see the
real time noise. Figure 7.4(c) shows the voltage at the output of the constant
current source (voltage above the transducer and input to the ADC channel
1). Figure 7.5(a) depicts the same signal zoomed in, as can be seen there is
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some noise still present on the signal. Finally Figure 7.5(b) depicts the signal
after the unity gain opamp (operational ampliﬁer) and LPF ﬁlter (red) as well
as the signal after ampliﬁcation (blue), which is the input to the ADC channel
1. Here no noise is seen, but in practice this is highly unlikely.
(a) 3.3 V precision regulator signal.
(b) 3.3 V precision regulator signal zoomed in.
(c) Constant current voltage output.
Figure 7.4: Spice Simulation Results
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(a) Constant current voltage output zoomed in.
(b) Unity gain in red. Filtering and ampliﬁcation in blue.
Figure 7.5: Spice Simulation Results
The transducer voltage was also recorded on an oscilloscope and used to si-
mulate the unity gain opamp, as well as the 1st order active LPF with gain
to ensure the input to the ADC channels would be as stable as possible. Fi-
gure 7.6 shows the model used to verify this.
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Figure 7.6: Transducer voltage LtSpice with real time noise.
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(a) Channel 1 Transducer Signal.
(b) Channel 1 transducer signal zoomed in.
(c) Channel 1 in red. After unity gain and LPF in blue.
(d) LPF and unity gain in blue. Active LPF and gain in red.
Figure 7.7: Spice simulation results.
Figure 7.7(a) depicts the simulated signal of real time oscilloscope recordings
of the voltage above the transducer. Figure 7.7(b) is a zoomed in image of
the same signal. Figure 7.7(c) shows the signal after unity gain and ﬁltering
superimposed onto the original signal. It can be seen that the majority of the
noise is ﬁltered, and it takes approximately 50 ms for the signal to reach steady
state. Finally Figure 7.7(d) depicts the signal after ampliﬁcation. It can be
seen that the signal input to the ADC should be relatively stable, although in
practice the results will not be as ideal.
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7.3 Circuit Design
7.3.1 Arduino Leonardo Microprocessor
An Arduino Leonardo was chosen as the microprocessor, because there are
many Arduino Leonardos readily available and they are easy to use and there-
fore suited for rapid prototyping. Most basic Arduino products provide serial
UART (Universal Asynchronous Receiver-Transmitter) as well as SPI (Serial
Peripheral Interface) communication. There are multiple digital and analogue
ports available and there is a vast amount of online resources speciﬁcally for
the Arduino Leonardo.
The microprocessor was chosen predominantly for its simple interfacing, communi-
cation and digital functionality. External circuitry was designed for the ana-
logue functionality as well as necessary power supplies and references. The
Leonardo was used to interface with the chosen Windows serial device via
serial UART communication. An external 24-bit ADC was used instead of the
Leonardo's internal 10-bit ADC and SPI communication was used between the
devices. The Leonardo digital I/O (Input/Output) ports were used to switch
the current source and the external ADC's enable pins. Additional I/O pins
were also used to switch LEDs (Light Emitting Diode) to indicate communi-
cation and ADC conversion. As mentioned, Arduinos do not have eﬃcient
line and load regulation, therefore an external power supply was also made
available. The Arduino can be powered by either the USB 5 V supply or by an
external source connected to the Vin of the microprocessor. When the USB
5 V is used as the supply, Vin will act as an output, therefore circuitry was
designed that allowed for either of the power options to be used.
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7.3.2 External Power Supply Regulation
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Figure 7.8: External voltage supply regulation.
Figure 7.8 depicts the external voltage supply regulation circuitry. The ex-
ternal supply (9 V-24 V) is connected to the terminal block. Most USB 1.0/2.0
devices are rated at 500 mA, therefore a 500 mA non-resettable surface mount
fuse is used to prevent any surge current from the external source that may
damage the USB ports of the serial device. In addition, a simple 1N4446 di-
ode is also implemented to prevent any reverse currents that may also damage
the USB ports. A 9 V, 2.2 A Linear Voltage Regulator (ON Semiconductor
MC7809CD2TR4G- Appendix B.1) is used to supply power to the Arduino as
well as a 5 V precision regulator. The 9 V output is connected to the Arduino
Vin. When an external supply is applied to the Arduino, that is greater than 7
V, Vin acts as a voltage input and the Arduino will automatically source power
from the external supply rather than the USB 5 V. When no external power
is supplied, Vin acts as a voltage output and therefore supply power to the 5
V precision regulator. The capacitors' values used in conjunction with the 9
V regulator were obtained from the typical use diagram from the datasheet.
7.3.2.1 5 V Precision Regulator
Line regulation is the ability of a power source to maintain a stable set output
with varying changes to the input. Due to the relatively small currents of the
constant current needed, any small changes in either voltage or current will
result in considerable measurement errors. In order to reduce any line reg-
ulation errors, high precision voltage regulators/references are used wherever
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the measured signal may be aﬀected. The drawback of using high precision
references is that they do not commonly source a large amount of current.
The Texas Instruments LM4120 Precision Voltage Reference (Appendix B.2)
is used to supply power to the external ADC as well as the ADC variable
voltage reference source (ADP123). The 9 V generic voltage regulator has a
line regulation of typically 5 mV while the 5 V precision reference has a line
regulation of typically 0.0007 %/V. Unfortunately the line and load regulation
unit standards diﬀer from datasheet to datasheet and can be typically quan-
tiﬁed either by a set voltage (mV), as a ratio of percent to voltage (%/V) or
as a parts per million (ppm) value. Essentially, the line regulation can be re-
presented as a change in output voltage as a result of a change in input voltage
(∆VOUT/∆VIN). The maximum current draw of the ADC supply rail, as well
as the ADC reference pin, are both 300 µA and the maximum current the 5
V precision regulator can supply is 5 mA, which is more than suﬃcient.
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7.3.3 Constant Current
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Figure 7.9: Constant current design.
Figure 7.9 depicts the constant current circuit design. It was found that the
I/O pins of an Arduino are not truly 0 V when set low and so a BJT transistor
(Bipolar Junction Transistor) switch was implemented to ensure the current
was either fully oﬀ or fully on when needed. A PNP type transistor switch
was used, which means that when the I/O pin is high (5 V), the transistor
switch is open/oﬀ and when the I/O pin is low (0 V) the transistor switch
is closed/on. A 3.3 V precision voltage source (Microchip MCP1501-33E/SN,
Fixed Series Voltage Reference, Appendix B.3) is used at the collector of the
transistor switch. When the transistor switch is closed the constant current
chip is switched on and receives power from the 3.3 V source minus Vce. The
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3.3 V source is ﬁxed and the capacitor and resistor values were taken from the
typical application of the datasheet.
7.3.3.1 Setting Constant Current Value
The Texas Instruments LM334M/NOPB Programmable Current Source (Ap-
pendix B.4) was chosen to provide the current for the biosensor, because it
was the lowest output current source available and the desired current can
be set anywhere between 1 µA to 10 mA. The ability to change the constant
current value gives a wider range of use for the biosensor and allows for bet-
ter testing and optimization. Figure 15 from the datasheet in Appendix B.4
shows a typical application as a zero temperature coeﬃcent current source. A
diode and resistor are added to the typical generic application to cancel the
temperature-dependent characteristic of the LM334. The datasheet suggested
a 1N457 diode, which was not available, so the closest matching diode was
chosen, that being the 1N4446. In order to determine the values of the res-
istors needed (R1 and R2 in Figure 7.9), an equation from the datasheet is
used:
ISET =
0.134V
R1
(7.3.1)
Therefore R1 can be calculated and R2 is 10×R1. It was decided that the
constant current should be close to 25 µA and so by setting R1 = 5.87 kΩ and
R2 = 48.7 kΩ, the constant current was calculated as 27.52 µA. The constant
current is set at 27.52 µA, because it was found that lower currents had greater
signal-to-noise ratios and thus the resistance calculation error would be greatly
aﬀected.
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7.3.4 Sample Switch and Connection
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Figure 7.10: Sample switch and connection.
Figure 7.10(a) shows the circuit schematic of a four channel dip switch that
connects to an Ethernet port. A dip switch was added to enable quick and
easy switching of sample ﬁbers, which allows for up to four tests to be run one
after the other without having to unload and re-prepare samples for every test.
The dip switch has a low internal resistance of 50 mΩ, which is ignored during
calculations as it is relatively low and has a constant independent value. It was
decided that the sample holder and CNFs would connect to the measurement
circuit via Ethernet cable (cat5) as this is an easy method to connect and dis-
connect the sample holder from the circuit. Figure 7.10(b) shows a graphical
representation of how the samples are connected over Ethernet to the mea-
surement circuitry. The selected sample channel is chosen via the dip switch
before the test. The constant current is then directed through the selected
channel, the Ethernet port and cable, carbon nanoﬁber and ﬁnally the known
resistor and ground. The known resistance was chosen a 39 Ω to match the
impedance as close as possible to the carbon nanoﬁber. Channel 0 and Chan-
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nel 1 represent the two points that are measured by the ADC to calculate the
resistance.
7.3.5 Voltage Follower and Low Pass Filtering
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(a) Active ﬁrst order low pass ﬁlter circuit.
(b) Graphical representation of active ﬁrst order low pass ﬁlter circuit.
Figure 7.11: Voltage Follower and Low Pass Filtering
Figure 7.11(b) shows the graphical representation of the voltage follower and
ﬁltering stages of the circuitry before the signal is input to the ADC. First
a unity gain voltage follower is used to isolate the transducer from the ADC
input. A simple ﬁrst order active low pass ﬁlter is then used to reduce any
signal noise. The cutoﬀ frequency was designed at 18 Hz and can be easily
altered by recalculating the values of RF and CF , as seen in Figure 7.11(b)
(R4 and U$7 in Figure 7.11(a)). The cutoﬀ frequency is calculated as:
fcutoﬀ =
1
2piRFCF
(7.3.2)
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An ampliﬁcation stage is applied in conjunction with the ﬁlter, which can also
be, altered as needed, by recalculating R1 and R2 as seen in Figure 7.11(b)
(R13 and R9 in Figure 7.11(a)). The chosen gain was set to 5.12. The gain
can be calculated as:
AV = 1 +
R2
R1
. (7.3.3)
As can be seen in Figure 7.11(a), both operational ampliﬁers are located on a
single IC which makes circuit design smaller and easier to route. The AD8629
operational ampliﬁer (Appendix B.5) was chosen as it requires only a single
5 V supply rail and a full rail-to-rail input voltage range, which is important
because the input voltage is relatively low and most operational ampliﬁers
would not operate at such low levels.
7.3.6 Analogue to Digital Converter
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Figure 7.12: ADC design.
The ﬁnal stage of circuitry design is the Analogue to Digital Converter (ADC).
This includes the reference voltage, supply, clock frequencies and the communi-
cation methods used by the ADC. The Linear Technology LTC2402 24-bit
ADC chip (Appendix B.6) was chosen, because it has two input channels, it
allows for an upper and lower input reference and a supply range from 2.7 V
- 5.5 V. It also has a 2 or 3 wire SPI communication interface and allows for
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either 50 Hz or 60 Hz internal oscillation clock or an optional external oscil-
lation clock for conversions. The LTC2402 has many serial interface timing
mode options, so only the selected option will be discussed.
7.3.6.1 External Serial Clock, Single Cycle Operation
Figure 7.13: External serial clock, single cycle operation (Appendix B.6).
The chosen serial interface timing mode from the datasheet (Appendix B.6)
was the external serial clock, single cycle operation mode. Using this mode,
the SPI clock frequency is determined by an external source, in this case the
clock frequency of the Arduino Leonardo's SPI SCK pin which is 16 MHz.
The other determining factor of this mode is that the chip select pin (/CS) is
connected to an I/O pin of the Arduino Leonardo (Active Low chip select).
This makes the SPI a 3 wire interface. The datasheet states that in this mode
the data output time is as long as /CS is low but no longer than 32/fSCKms.
7.3.6.2 ADC Supply
The datasheet suggests the use of a 10 µF tantalum capacitor in parallel with
a 0.1 µF ceramic capacitor, placed as close to the chip as possible in order to
properly decouple the source from the chip. As discussed in Section 7.3.2.1, a
5 V precision regulator is used to supply the ADC supply, as well as the ADC
voltage reference chip.
7.3.6.3 Voltage Reference Input
The LTC2402 has two reference inputs, FSSET (Upper limit) and ZSSET
(Lower limit). The ZSSET is set to 0 V and so is connected straight to ground.
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Therefore, with an ADC value of 00000H , the voltage is calculated at 0 V. The
FSSET is set by an external voltage supply (ADP123 programmable CMOS
linear regulator- Appendix B.7). The ADP123 adjustable output voltage range
is 0.8 V - 5.0 V. The resistance of the carbon ﬁber is relatively low, with a
single 1cm x 1cm piece no more than 30 Ω. For this reason the FSSET is ad-
justed to 800 mV as this is the lowest possible value the ADP123 can output.
If the constant current is set to 27.52 µA and the known resistance is 39 Ω,
the ADC resistance resolution can be calculated as:
VResolution =
VRef
2bit resolution
=
800 mV
224
= 47.68372 nV
RResolution =
VResolution
IConstant
RResolution =
47.68372 nV
27.52 µA
= 1.733 mΩ
(7.3.4)
Assuming no ampliﬁcation of the signal, the maximum resistance measurement
can also be calculated as:
Rmax =
VRef
IConstant
−RKnown
=
800 mV
27.52 µA
− 39 Ω
= 29 kΩ
(7.3.5)
A gain of 5.12 was designed which therefore means that the maximum resis-
tance measurable is 29 kΩ/5.12 = 5.66 kΩ.
7.3.6.4 Adjustable Voltage Reference ADP123
As mentioned the ADP123 programmable CMOS linear regulator (Appendix B.7)
was selected as the ADC upper limit voltage reference input. Vin of the reg-
ulator is supplied by the 5 V precision regulator, as well as the enable pin,
which means that the reference voltage is always on. The ADP123 datasheet
suggests 1 µF capacitors at both the input and output as decoupling capacit-
ors. The output voltage is adjusted by setting the R15 and R16 resistors from
Figure 7.12 as:
VRef = 0.5(1 +
R15
R16
)
= 0.5(1 +
60 kΩ
100 kΩ
)
= 800 mV
(7.3.6)
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The voltage reference can easily be re-adjusted for other applications by chan-
ging the R15 and R16 resistors.
7.3.6.5 Conversion Clock Oscillator
The LTC2402 allows for the use of either a 50 Hz or 60 Hz rejection internal
oscillator or an external oscillator frequency with a maximum value of 307.2
kHz for the conversion of the analogue values. The initial prototype circuitry
was tested using the internal 50 Hz oscillator by connecting the Fo pin to VCC
(5 V precision regulator), which results in a conversion time of around 160 ms
per channel. When the ﬁnal circuit board design was ordered, it was decided
that an external timer would be tested in order to speed up the conversion
time. The fastest conversion time from the datasheet can be calculated as
20510/307.2 kHz = 68.4 ms. As seen in Figure 7.12, the NE555PWR timer
(Appendix B.8) is included but, there are a number of 0 Ω resistors (0_OHM,
0_OHM1 and 0_OHM3) placed on the circuit. These resistors are used to
enable the switching from either internal 50 Hz oscillator or external oscil-
lator, due to the external oscillator being untested. By placing only resistor
0_OHM1, the internal oscillator is used and by placing only 0_OHM and
0_OHM3, the external oscillator is used. The NE555PWR timer was de-
signed to output 286 kHz but unfortunately it was later determined that the
maximum output frequency provided by the NE555PWR timer is only 100 kHz
and therefore would not speed up conversion time (20510/100 kHz = 205.1 ms)
and thus the internal 50 Hz oscillator is used instead.
7.3.6.6 Serial Peripheral Interface (SPI)
As mentioned, three wire SPI is used to transfer the measured values from the
external ADC to the Arduino Leonardo. On the ADC chip there are three
pins that are used for SPI communication, SCK-Transfer clock, SDO- Three
State Digital Output and /CS- Active low chip select. The ADC acts as the
SPI slave, while the Leonardo acts as the SPI Master. The SCKs of the ADC
and Leonardo are connected. The SDO of the ADC is connected to the MISO
(Master In Slave Out) of the Leonardo and the /CS is connected to a free I/O
pin. The MOSI (Master Out Slave In) of the Leonardo is left unconnected,
because the ADC does not accept input commands, but rather relies on the
/CS pin to begin the ADC conversions and the Leonardo must monitor the
SDO pin in order to determine when data is ready and can begin being read
from the ADC, as seen in the waveform diagram of Figure 7.13. The ADC
outputs 32 data bits in the form of 4 bytes, which are fully detailed in the
datasheet. In order to calculate the measured voltage, some bit manipulation
needs to be performed in order to determine which channel is being used, if
an error has occurred and the sign of the value and thereafter the bits that
are not used to calculate the value are discarded. Once channel 0 and 1 have
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been read and the necessary bit manipulation has been performed, the data
is transferred via serial communication from the Leonardo to the serial device
(Windows PC) and thereafter the voltage is calculated.
7.4 PCB Routing and Manufacture
The ﬁnal stage of the circuit design is the printed circuit board (PCB) compo-
nent placement, routing and manufacture. All PCB designs were implemented
using Cadsoft Eagle 7.3.0. The initial prototype circuits were manufactured
on a LPKF ProtoMat S62 PCB Plotter within the Electrical and Electronics
Engineering Department of Stellenbosch University. The ﬁnal PCB designs
were manufactured by PCBWay and shipped from China. The circuit schem-
atic is seen in Figure 7.2. Wherever possible, surface mount devices (SMD)
where chosen and 0.01% tolerance resistors were used. All decoupling capacit-
ors where placed as close to the corresponding devices as possible. All supply
and regulator track widths were set to 32 mil, all analogue track widths at 24
mil and all digital track widths at 16 mil. The regulator and analogue tracks
were designed as thick as possible and all analogue tracks were ground shielded,
wherever possible, to reduce noise. Figure 7.14 depicts the top and bottom
layer board layout. A silk screen was added to the top layer to label relevant
points (voltage terminals, as well relevant tests points). The SAND team logo,
as well as a personal brand, was also added to the silkscreen. Figure 7.15
shows the results of the PCB manufacturing from PCBWay.
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(a) PCB top layer board design.
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(b) PCB bottom layer board design.
Figure 7.14: PCB board layout.
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(a) PCBWay top layer. (b) PCBWay bottom layer.
Figure 7.15: PCBWay results.
7.5 User Interface Software
AWindows PC was chosen to receive, analyze and output the measured signals
from the Leonardo. Python 3.6 and PySerial 3.3 were used to interface between
the Leonardo and Windows PC. A Python class was written to automatic-
ally connect to the Leonardo, receive the measured values via serial UART
communication and thereafter calculate the resistance of the transducer. A
second Python class was written to provide a graphic user interface (GUI)
during testing. The GUI was implemented using PyQt4 and designed using
the Qt Designer tool. Matplotlib was used to display the calculated resistance
values in real time. In order to use the designed software on multiple Windows
systems, an executable (.exe) ﬁle was compiled using cx_freeze. The GUI will
be brieﬂy explained as follows:
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Figure 7.16: Test detail form.
The Biosensor GUI consists of two tabs, the Setup tab (Figure 7.16) and the
Test tab (Figure 7.17). Before a test can begin, the user is prompted to input
the speciﬁc details of the current test within the Setup tab. This is to ensure
that all tests are properly recorded and later understood. The user must
input Name (Tester), Test label, Time to run test (minutes and seconds),
Test description (all valid details or changes to test environment) and the
File location to save all recorded data. The date form block is automatically
ﬁlled in and the time to run test, as well as ﬁle location, have initial default
values. The ﬁle location is selected by opening an external Windows File
Explorer window, thereafter the user can choose or create a directory with the
traditional Windows methods. Without ﬁlling in the relevant data, the test
will not continue to the Test tab. When the user is ready, the save button is
clicked and all the relevant data is saved to a .txt ﬁle and the Test tab of the
GUI is displayed. The Setup tab is disabled and cannot be accessed again.
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 7. ELECTRONIC SENSOR DESIGN 105
Figure 7.17: GUI plotting tab.
Once directed to the Test tab, only the Base Resistance button is enabled.
The Base Resistance button is clicked once the test sample has been prepared
and the test can begin. The Base Resistance button runs a function that
performs ﬁve measurements which are averaged and the resistance is calculated
and displayed in the box below the Base Resistance button. Once the base
resistance is calculated, the Base Resistance button is disabled and the Read
Sample and Leave Note buttons are enabled. The user will then click the Read
Sample button to begin real time measurements of the sample, which will be
displayed on the matplotlib graph below. The Stop and Save button will then
be enabled. The test will run for as long as the user selected time or until
the Stop and Save button is clicked. Once the Read Sample button is selected
and the resistance values are being displayed, the user can begin the reaction
testing phase by adding sample solutions (HIV target or other controls) and the
resulting changes to the transducer resistance will be displayed. The resistance
results recorded are averages from three individual readings to reduce deviances
as a result of noise. At any time during this phase, the user may type a note
below the Leave Note button. The note that is typed by the user may include
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additional test data not included in the test description or some test anomalies
or errors during this phase. These notes will be appended to the .txt ﬁle created
with a time stamp. Once the time has completed or the Stop and Save button
is clicked, the test will end and the matplotlib graph will be saved as a .png,
the total change in resistance in comparison to the base resistance will be
recorded to the .txt ﬁle and displayed in the box below the Stop and Save
Button. Finally all the measured values and their times during the test are
written to a .csv ﬁle to allow for post-processing or alternative graphing of the
data. If the Stop and Save button is selected, a note will also be appended to
the .txt ﬁle indicating that the test was halted as well as the time that this
occurred.
7.6 Conclusion
The full electronic and software system was described in this chapter. Fi-
gure 7.1 depicts the system block diagram. The analogue portion of the design
was simulated with LtSpice, using real time data recorded on previous versions
of the circuit design. The full circuit design was described and each component
choice was detailed. The PCB component placement, routing and manufac-
ture was brieﬂy discussed and the ﬁnal product shown. Finally the full GUI
software system was detailed. The software was designed to fully record and
detail each test and allow for real-time monitoring of the signal. An executable
(.exe) was compiled to allow the software to be used on any Windows system.
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Chapter 8
Mechanical Design
The ﬁnal design processes needed to complete the biosensor system are the
mechanical designs. First a test bath was designed to contain the transducer
and sample solutions as well as provide an electronic connection to the sensing
circuitry. Then a test mount was designed to mount the test bath and circuitry
on a single platform. Finally, an immobilization bath was designed to be used
during the preparation processes of the transducer.
8.1 Test Bath
The test bath design consists of two parts, the base and lid. Both the base
and lid were machined from Acetal - Polyoxymethylene (POM), because it
is commonly used in biomedical devices, has low moisture adsorption, good
thermal and electrical stability, as well as very good chemical resistance. The
test bath was designed with the help of Mr Viviers and Mr Croukamp (Chief
Electronician E&E Department, Stellenbosch University). Mr Viviers provided
the CAD (Computer Aided Design) sketches of the test bath to be machined.
The lid and base are clasped together using a simple toggle latch and stainless
steel guiding rods. The test bath was designed to reduce the use of costly
materials as much as possible. The transducer size and test bath volume were
designed as small as possible to reduce the use of the DNA hairpin probes,
target DNA and CNFs. It was determined that the size limitations of the
biosensor were deﬁned by machining capabilities, as well as the size of the
electronic connection method to the carbon ﬁbers from the sensing circuitry.
8.1.1 Test Bath Lid
In order to connect the carbon nanoﬁbers to the sensing circuitry, gold plated
spring test probes were chosen. It was determined that a concave radius head
provided more stability than a convex head. Figure 8.1 depicts the dimensions
of the chosen spring test probes.
107
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Figure 8.1: Spring test probe (Appendix B.9).
Two spring test probes are used to measure the resistance of a single carbon
nanoﬁber. The lid of the test bath can be seen in Figure 8.2 and the dimensions
and isometric view can be seen in Figure 8.3. The two spring test probes are
spaced 7mm apart, with a single 3.5mm hole in between. The 3.5mm hole is
the access point to apply sample solutions during testing. Four testing points
are designed on a single test bath as explained in Section 7.3.4. The four test
points are connected to the sensing circuitry via an Ethernet cable to a dip
switch. A sealing channel is machined around the four test points to allow for
the placement of a rubber seal. As can be seen in Figure 8.2, four guiding rods
are placed in the guide rod holes, which allows for precise placement onto the
test bath base.
(a) Test bath lid top. (b) Test bath lid bottom.
Figure 8.2: Test bath lid.
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Figure 8.3: Test bath lid design.
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8.1.2 Test Bath Base
The test bath base was designed to align with the four test points of the test
bath lid. The transducer size must be greater than 9mm and therefore the
chosen size to laser cut the carbon nanoﬁbers was 10 mm x 5 mm. The test
bath base is shown in Figure 8.4 and the dimensions and isometric view is seen
in Figure 8.5. The test holes were designed with the same dimensions as the
laser cut ﬁbers and small half circle holes were placed at the corners to easily
place and remove transducer samples with tweezers. The depth of the sample
holes is 2 mm. It was found that the test baths are suﬃciently ﬁlled with 120
µL and only 40 - 60 µL when a ﬁber has been placed in the test hole. A sealing
channel and guide rod holes were machined as with the test bath lid.
(a) Test bath base, top view. (b) Test bath base.
Figure 8.4: Test bath base, side view with clamp.
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Figure 8.5: Test bath base design.
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8.2 Biosensor Mount
A full system mount was designed and 3D printed with a PLA ﬁlament on
a MakerBot Replicator Z18. Figure 8.6 depicts the mount with the circuitry
and test bath in place. Figure 8.7 shows the dimensions and isometric view of
the mount. The mount consists of a basic 4mm base and 4mm walls that hold
the test bath and circuitry. Four mount boots were designed to align with
the Ardunio Leonardo mounting holes to attach the circuitry to the mount.
Suﬃcient space was provided to allow ease of access to the Ethernet cable and
toggle latch. The size of the full mount is 11cm x 22.5cm.
Figure 8.6: Full system on mount.
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Figure 8.7: System mount CAD sketch.
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8.3 Immobilization Bath
Finally, immobilization process baths were designed. Initially, petri dishes
were used, but it was determined that immobilization solution containing the
DNA hairpin probe may not stay on the gold coated ﬁbers, which may res-
ult in little to no DNA hairpin probe immobilization. Four immobilization
baths were machined from Acetal. Figure 8.8 depicts the immobilization bath
and Figure 8.9 shows the dimensions and isometric view. The immobilization
baths were designed with the same test holes as the test bath to ensure that
the immobilization solution stays in place. The immobilization baths were
designed with the same circular dimensions of a petri dish to allow the setup
to ﬁt into an oxidation chamber. 11 test holes could be ﬁtted on the petri dish
sized surface. A small lip was added to the immobilization bath to allow for
foil to be folded around the setup. The immobilization bath is used during
the DNA hairpin probe immobilization to the carbon ﬁbers, as well as the
hybridization process of the FL probe tests.
(a) Immobilization bath top view with
carbon ﬁbers placed.
(b) Immobilization bath bottom view.
Figure 8.8: Immobilization bath.
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Figure 8.9: Immobilization bath CAD sketch.
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8.4 Conclusion
In this chapter, the physical designs of the biosensor are described. It is shown
how the CNF samples are physically connected to the electronic circuitry and
the test baths they reside in during testing. A full mounting bath was designed
to hold the test bath and circuitry on a single platform. Finally, an immo-
bilization bath was also designed to be used when immobilizing the hairpin
probe DNA to the gold coated CNFs, as well as the hybridization incubation
steps during the FL probe testing.
Stellenbosch University  https://scholar.sun.ac.za
Chapter 9
System Validation and Testing
In Chapter 7 and Chapter 8 the electronic, software and mechanical designs
of the biosensor were fully detailed. In this chapter, the full system will be
validated and characterized to determine that the GUI software works without
errors, to characterize the circuitry precision and accuracy and to characterize
the system under diﬀerent working conditions.
9.1 Software Testing and Validation
Software testing and validation is a continuous process. The software is tested
after each signiﬁcant change on both the Arduino and Python PC code. This
section will brieﬂy describe the ﬁnal working results of the entire software
package. The next section will detail the accuracy and precision of the results.
To test that the software works in conjunction with the circuitry, a known
resistor is used in place of a carbon nanoﬁber transducer. In this example
a 56 Ω resistor is used. Figure 9.1 shows the results of a 60 second test.
Figure 9.1(a) shows that the resistance of a sample can be read in real time
and even the smallest of changes is registered. Figure 9.1(b) shows that the
details of the test detail form (Figure 7.16) are saved to a .txt ﬁle and the base
resistance and maximum deviance values are appended to the .txt after the
test is complete. A .csv was also created which can be used for post processing
and graphing when necessary.
117
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(a) Matplotlib graph saved as .png image.
(b) .txt ﬁle created by Python software.
Figure 9.1: GUI output.
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Auto scaling is used during the plotting of the data points on the matplot-
lib graph, which makes the changes in signal look much greater than their
relative scale. It was thus decided that a dummy point be added to the mat-
plotlib graph to negate this eﬀect. The ﬁrst dummy point is set to 90% of the
base resistance that is read before plotting. An example of this is shown in
Figure 9.2.
Figure 9.2: Dummy point added to reduce scaling eﬀect.
9.2 Circuit Accuracy and Precision
The accuracy and precision of the biosensor was characterized in full by repla-
cing the transducer with various known resistors (56 Ω, 100 Ω ,1 kΩ and 4.6
kΩ respectively). The deviance error was compared and improved by testing
using software averaging. Finally, USB vs. external power was tested and
compared. The ﬁrst set of tests included testing of USB powered sensing with
either no software averaging or software averaging of three values per data
point. The same set of tests was then repeated using the same resistors, but
an external power source was used instead of USB power to ensure stability of
the circuitry.
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9.2.1 USB Powered, Averaging Data vs. No Averaging
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Figure 9.3: Typical 56 Ω resistance test. USB powered, no averaging.
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Figure 9.4: Typical 56 Ω resistance test. USB powered, with averaging.
Figure 9.3 shows a typical example of a single USB powered, 56 Ω resistance
test with no averaging. The base resistance was measured at 56.23 Ω and the
max deviance (maximum - minimum value) was 0.33 Ω which is only a 0.59%
error deviance from the original base measurement. Figure 9.4 shows a similar
example using averaging. It can be seen that there are fewer data points but
the max deviance is also reduced.
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Figure 9.5: 56 Ω resistor, USB powered, max deviance comparison of software
averaging (3 values) vs no averaging.
Figure 9.5 depicts the 56 Ω resistor, the USB powered test results that compare
the base resistance values calculated, maximum deviance of error and how
software averaging improves these measurements. It should be noted that only
three values were used to generate a single averaged data point. Section 7.3.6.5
explained that each reading from the ADC takes approximately 160ms per
channel, resulting in 3 ∗ 2 ∗ 0.160 = 0.96s in order to measure both channels
three times. 3 averaged values results in approximately 1 data point per second.
It can be seen that with software averaging the % error deviance is reduced to
around 0.3% of the base value. Figure 9.6, Figure 9.7 and Figure 9.8 all show
similar results for their respective resistor values. It was decided that a rolling
average would not be used as this would delay the response of any resistance
changes that might occur during biological testing.
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Figure 9.6: 100 Ω resistor, USB powered, max deviance comparison of software
averaging (3 values) vs no averaging.
0 1 2 3 4 5 6
1,008
1,010
1,012
1,014
Test Number
R
es
is
ta
n
ce
(Ω
)
No Average 1 Max Deviance=2.96Ω(0.29%)
No Average 2 Max Deviance=4.9Ω(0.49%)
No Average 3 Max Deviance=3.67Ω(0.36%)
Average 1 Max Deviance=2.04Ω(0.2%)
Average 2 Max Deviance=1.53Ω(0.15%)
Average 3 Max Deviance=1.73Ω(0.17%)
Figure 9.7: 1 kΩ resistor, USB powered, max deviance comparison of software
averaging (3 values) vs no averaging.
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Figure 9.8: 4.6 kΩ resistor, USB powered, max deviance comparison of soft-
ware averaging (3 values) vs no averaging.
It can be seen that with an increase in transducer resistance, the resistance
deviance error also increases, but as a percentage of the original base value,
it remains relatively small. This provides very relevant data when biological
testing begins, because it can be seen that a change in resistance that is <1%
of the base resistance, is most likely due to resistive noise and not the presence
of complementary DNA.
9.2.2 External PSU Powered, Averaging Data vs. No
Averaging
An external power supply was used to repeat the tests done in the previous
section. Only the 56 Ω and 4.6 kΩ resistors test results are shown in Figure 9.9
and Figure 9.10. It can be seen that the external supply results are compar-
able to the USB supply results, although the error deviance is slightly higher.
This is most likely due to an older PSU being used, which has poorer power
regulation than a USB supply.
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Figure 9.9: 100 Ω resistor, external PSU power, max deviance comparison of
software averaging (3 values) vs no averaging.
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Figure 9.10: 1 kΩ resistor, external PSU power, max deviance comparison of
software averaging (3 values) vs no averaging.
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9.3 Carbon Nanoﬁber Resistance
Once the sensing circuitry's precision and accuracy were within acceptable
limits, the resistance of the carbon nanoﬁbers is characterized. Three tests of
30 minutes and three tests of 60 minutes were conducted on individual carbon
nanoﬁber samples using software averaging to reduce the maximum deviance.
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Figure 9.11: Carbon ﬁber resistance tests (averaging used).
It can be seen in Figure 9.11 that the initial base resistance of a carbon ﬁber
sample ranges between 9 Ω and 12 Ω and that the maximum deviance is no
larger than 2% of the initial base resistance.
9.4 Gold Coating Eﬀect on Resistance
The next set of tests was to determine if the sputter coating of gold onto the
carbon nanoﬁbers would aﬀect the initial base resistance of the ﬁbers. Two 60
minute tests were conducted per gold deposit thickness.
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Figure 9.12: Gold coated carbon ﬁber resistance tests (averaging used). Gold
deposit thicknesses of 5, 10, 15, 20 and 25nm.
Figure 9.12 shows that the gold coating does not have any noticeable eﬀect on
the resistance of the carbon nanoﬁber and that the maximum deviance may
be greater than 2%.
9.4.1 Addition of Liquid to Fibers
During ﬁnal testing, the target DNA will be added in a TE buﬀer solution.
A number of tests were conducted in order to negate any resistance changes
due to the TE buﬀer. First 50 µL of TE buﬀer was pipetted onto dry ﬁbers
in stages. Figure 9.13 shows that when TE buﬀer is added to dry ﬁbers,
there is an initial spike in measured resistance. It can also be seen that the
response is varied and dependent on how the liquid is adsorbed by the CNFs.
Figure 9.13(b) and Figure 9.13(c) show, however, that the resistance can reach
an equilibrium once the CNFs are completely wet. The maximum deviance of
the measured resistance reached as high as 17%.
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Figure 9.13: Dry ﬁbers, results when 50 µL TE buﬀer added to the ﬁbers at
diﬀerent stages.
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In an attempt to reduce the changes to base resistance, it was decided that the
ﬁbers should ﬁrst be wet by TE buﬀer before measurements began. Tests were
conducted by dipping the carbon ﬁbers in TE buﬀer before placing them in
the test baths for measurements. The ﬁgures in Figure 9.14 show that wetting
ﬁbers before measurements prevents any additional changes when adding 40
µL of TE buﬀer during testing. The maximum deviance is comparable to
the initial results of resistance tests and was thus it is not caused by the TE
solution.
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Figure 9.14: Previously wet ﬁbers, results when 40 µL TE buﬀer added to the
ﬁbers at diﬀerent stages.
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Figure 9.14: Previously wet ﬁbers, results when 40 µL TE buﬀer added to the
ﬁbers at diﬀerent stages.
9.4.2 Temperature Testing
The ﬁnal set of validation tests of the system was in a higher temperature
environment. Due to the fact that the target hybridization incubation period
may need to be in a higher temperature environment, the circuitry was tested
in a 37 controlled room. The tests included resistance tests of both dry and
wet carbon ﬁbers for 15 minutes each. Figure 9.15 shows the results of the
37 tests. It can be seen that the maximum deviance is still comparable to
previous tests, with the results no larger than 5% of the initial base resistance.
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Figure 9.15: Results of temperature tests in 37 environment. Both dry and
wet ﬁbers were tested.
9.5 Conclusion
In this chapter, the full software and hardware design was validated and tested.
The GUI and PC readings were fully tested and conﬁrmed to be working
in a stable and reliable manner. Software averaging was compared to single
readings and it was determined that the precision was improved. It was also
shown that external and USB power sources both work and that USB power
is suﬃcient for future testing with the current PC used. It can be seen that
as a traditional ohmmeter, the system provides, errors of < 1%, and that
the accuracy is within normal limits. The CNFs resistances were also fully
characterized, both dry and wet, and with gold coatings. Finally, the system
was tested in a heated environment. It can be seen, that at most, the error
deviance of the system is < 5%. This means that during biological tests, if
a change greater than 5% is measured, it can be determined to be due to
hybridization of the target DNA to the hairpin probe DNA. Skotadis et.al.
[47] report a resistive change of up to 51% of the base resistance and so it is
hoped that the current sensor design will yield similar results.
Stellenbosch University  https://scholar.sun.ac.za
Chapter 10
Hairpin Probe Validation
In order to validate that the hairpin probes operated as expected, it was neces-
sary to use ﬂuorescent techniques to visually conﬁrm that the hairpin probes
reacted as theoretically expected. Hairpin validation is conducted by varying
the temperature and validating that the ﬂuorescent probe reacts appropriately
both with and without target DNA.
During the initial confocal microscopy experimentation of the FL probe, immo-
bilized on the CNF samples, results were very unstable and unexpected. The
ﬁrst experiment went as theoretically expected, but all following tests yielded
an undesired response. Appendix C details the failed experiments and dis-
cusses what went wrong and what was done to resolve the issues. During the
investigation into the failed experiments, it was decided that the FL probes
should be tested in solution before immobilization onto the CNFs, to ensure
the operation of the probes without external factors that may be the cause of
contamination and degradation.
In Section 2.2.1.1, the basic PCR ampliﬁcation method is described. Another
commonly used PCR method is real-time polymerase chain reaction (Real-
Time PCR), or quantitative polymerase chain reaction (qPCR). qPCR moni-
tors the ampliﬁcation of targeted DNA molecules during the PCR in real-time.
Two methods are used to detect the ampliﬁcation of PCR products. The ﬁrst,
is the use of non-speciﬁc ﬂuorescent dyes that intercalate with any dsDNA
(double stranded DNA) and the second, is sequence-speciﬁc DNA probes con-
sisting of oligonucleotides that are labelled with a ﬂuorescent marker which
permits detection only after hybridization of the probe with its complement-
ary sequence. The FL probe described in Section 6.2 is a perfect example of
the second method.
Using a qPCR measurement device, it is possible to detect the ﬂuorescent
signal of DNA without actually amplifying the product. qPCR measurements
typically require low sample volumes (10-30 µL), which save on costly reagents.
PCR reactions require thermal cycling as described in Section 2.2.1.1. Most
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qPCR devices allow for custom thermal cycling proﬁles to be programmed at
any user deﬁned temperatures and for as long as required.
The operation of the FL probes, as described in Section 6.2, can be detec-
ted directly by qPCR ﬂuorescent measurements. The operation of the FE
probes as described in Section 6.3, however, cannot be measured directly. It
was necessary to use non-speciﬁc ﬂuorescent dye, in order to visually quantify
the operation of the FE probes.
10.1 SYBR Green
"SYBR Green is a dsDNA binding dye, which can be used to quantify
amplicon amount during the course of the PCR, by tracking overall ﬂuo-
rescence emission. The dye binds into the minor groove of dsDNA, and
does not bind to ssDNA. When bound, it increases its ﬂuorescence by
up to 100 fold. During PCR, as the target sequence is ampliﬁed, SYBR
Green I binds to each new copy of dsDNA during the extension step."[72].
Figure 10.1 depicts how the SYBR Green dye binds to dsDNA. SYBR Green
is not a typical intercalating dye, in that it also binds in the minor grooves
of dsDNA. It can be seen that when unbound, SYBR Green gives a low ﬂuo-
rescent signal but upon binding to dsDNA, the ﬂuorescence increases 100 fold
as mentioned.
(a) The two classes of dsDNA binding
dye [73].
(b) Operation of SYBR Green with
dsDNA [74].
Figure 10.1: SYBR Green.
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10.2 qPCR Measurements
The Virology Department of Stellenbosch uses the Bio-Rad "CFX Connect
Real-Time PCR Detection System", for all qPCR procedures. In order to con-
duct ﬂuorescent measurements, the system needed to be programmed to detect
the exact ﬂuorophore that is to be detected (i.e the ﬂuorophores' excitation
and emission spectra).
To validate the operation of both the FL and FE probes, it was necessary
to detect the Cy3 label (ﬂuorescent marker) as well as SYBR Green, which
was added to all experiments. The Bio-Rad CFX is not calibrated by default
to detect Cy3. Therefore, it was decided to choose to detect another ﬂuo-
rescent dye that had similar excitation and emission spectra that the system
was calibrated for. Using the Chroma Spectra Viewer from chroma.com [75],
it was decided that Cal Orange and Cy3 had similar enough excitation and
emission spectra to detect Cy3 by using a Cal Orange ﬁlter. Cy3 has peak
excitation at a wavelength of 553nm, while Cal Orange has a peak at 539nm.
Cy3 has a peak emission wavelength at 569nm, while Cal Orange has a peak
at 559nm.
10.2.1 qPCR Experiment Setup
Figure 10.2 shows the thermal cycling that was programmed for the qPCR
experiments. First the samples are rapidly heated to 95 for three minutes,
during which time, no measurements are taken. This ﬁrst step completely
melts or denatures all dsDNA and then cools to allow them to form their most
optimal primary structures as well as allow the SYBR Green to bind during
hybridization into dsDNA. The second step, called the "melt curve", gradually
increases the temperature from 13 to 93 in 2 increments and waits at
each temperature for 5s. The melt curve is used to monitor the ﬂuorescence at
speciﬁc temperatures to show at which temperature the dsDNA begins to melt
to ssDNA. The ﬁnal step is an inverted melt curve or cool curve. This step
gradually decreases the temperature from 93 back to 13 in 2 decrements
and again waits 5s per decrement. The cool curve is used to monitor the
ﬂuorescence at speciﬁc temperatures where ssDNA begins to hybridize and
forms dsDNA again. This step is used to validate the stability of the samples
to ensure they reform into their primary structures. The following sections
will discuss the results of the experiments. All experiments were conducted
simultaneously in triplicate (three separate sample solutions prepared in the
same way). SYBR Green was added to all experiments in order to compare the
FL probe operation to the FE probe. The FL and FE probes were tested in 1
µM concentrations while the target DNA was tested with 3 µM concentrations,
to ensure saturation of target to hairpin probe hybridization. The full qPCR
experiment protocol is described in Appendix D.9.
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Figure 10.2: Melt Curve Setup
10.2.2 Target DNA qPCR Measurements
SYBR Green measurements of the target DNA are analyzed ﬁrst to visualize
the melt temperatures of the self-dimers. The target DNA, in its primary
structure is ssDNA, so it is expected that the initial ﬂuorescent signal should
have a relatively low signal, but as temperature increases, the ﬂuorescence
should decrease even further as the secondary structures break down and there
should no longer be any dsDNA. Figure 10.3(a) shows exactly the expected
results where as temperature increases the ﬂuorescent signal begins to decrease
as the target secondary structure begins to melt. Figure 10.3(b) shows that
the secondary structure has a Tm of 30. The cool curve yielded very similar
results.
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(a) Relative Fluorescent Unit (RFU) measurements vs. temperature
(b) Derivative curve -(d(RFU)/dT)
Figure 10.3: Melt curve 13 to 93 of target DNA (3 µM), SYBR Green
measurements.
10.2.3 Fluorescent Hairpin DNA qPCR Measurements
10.2.3.1 Fluorescent Hairpin Probe Measurements Alone
Cal Orange measurements of the FL probes alone (i.e no target DNA added)
are analyzed. It is expected that as measurements begin, the ﬂuorescent sig-
nal should be relatively low because the hairpin structure should be closed and
so the signal should be fully quenched by the quencher. As temperature in-
creases, the ﬂuorescent signal should begin to increase as the hairpins begin to
open until the signal is saturated. A negative derivative curve (-d(RFU)/dT)
is also generated to show the peak temperatures at which the ﬂuorescent sig-
nals begin to change. A negative peak on a -d(RFU)/dT curve, indicates an
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increasing gradient in ﬂuorescence and a positive peak, a decreasing gradient
in ﬂuorescence.
Figure 10.4(a) shows that as temperature increases, the ﬂuorescent signal also
increases and reaches a maximum ﬂuorescence at around 65, indicating that
all the hairpins are open at this temperature. Figure 10.4(b) shows a maxi-
mum change of increasing ﬂuorescence (negative peak) at 53. Section 6.2.3
show that the estimated melting temperature was 51.3, which is fairly ac-
curate. It can be seen that, above 65 the signal begins to decrease. Upon
further investigation, it was found that the Cy3's quantum yield (Fluorescence
quantum yield is a measure of the eﬃciency with which a ﬂuorophore is able to
convert absorbed light to emitted light) shows a decrease of almost 70% of its
quantum yield at 65, when compared to room temperature [76, p. 13][77].
The cool curve of the FL probe had almost identical results, implying that the
primary structure is very stable.
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(a) Relative Fluorescent Unit (RFU) measurements vs. temperature
(b) Derivative curve -(d(RFU)/dT)
Figure 10.4: Melt curve 13 to 93 of FL probe (1 µM), Cal Orange meas-
urements.
10.2.3.2 Fluorescent Probe and Target DNA Measurements
Cal Orange measurements of the FL probe with target DNA are analyzed.
Here it is expected that, because the target DNA is present, the majority of the
hairpins should be open and therefore the ﬂuorescence should be much greater
than that of a measurement containing only the FL probe (Figure 10.4(a)) at
the starting temperature of 13. It can be seen in Figure 10.5(b) that there
is a negative peak at 60, which is the melting temperature of the FL probe
where the remaining closed hairpins begin to open. Finally there is a positive
peak at 67, where the quantum yield of Cy3 decays more rapidly, although
the quantum yield begins to decay as soon as the temperature increases. The
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cool curve had very similar results.
(a) Relative Fluorescent Unit (RFU) measurements vs. temperature
(b) Derivative curve -(d(RFU)/dT)
Figure 10.5: Melt curve 13 to 93 of FL probe (1 µM) with target DNA (3
µM), Cal Orange measurements.
SYBR Green measurements of the FL probe and target DNA were conducted,
which could then be compared to the FE probe with target DNA melt curves.
Figure 10.6(a) shows an initial ﬂuorescent signal due to hybridized FL probe to
target dsDNA. The ﬂuorescent signal remains relatively stable as temperature
increases, until a melting temperature of 70 is reached (Figure 10.6(b)). The
estimated Tm of fully hybridized target dsDNA was 59, but concentration
of oligonucleotides and various other factors can eﬀect the Tm. The cool curve
yet again yielded almost identical results.
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(a) Relative Fluorescent Unit (RFU) measurements vs. temperature
(b) Derivative curve -(d(RFU)/dT)
Figure 10.6: Melt curve 13 to 93 of FL probe (1 µM) with target DNA (3
µM), SYBR Green measurements.
10.2.4 Ferrocene vs Fluorescent Hairpin DNA qPCR
Measurements
In the previous section, the operation of the FL probes was detailed by qPCR
measurements of both Cal Orange (Cy3) and SYBR Green. It was seen that
the FL probes reacted as theoretically expected under diﬀerent temperatures
and with the addition of target DNA. It was found, however, that the FL
probes were not stable, as they degraded over time and it was assumed that
this was caused by contaminated TE buﬀer during resuspension. The FE
probes were resuspended using speciﬁcally nuclease free DI water and a 5mM
Tris buﬀer instead of the initial TE buﬀer, to ensure that the FE probes did
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not also degrade. It was then possible to validate the operation of the FE
probes by comparing the SYBR Green measurements of the two probes.
10.2.4.1 Ferrocene vs Fluorescent Hairpin DNA, no Target DNA
Figure 10.7(a) depicts the SYBR Green melt curves of both the FL and FE
probes with no target present. It can be seen that both curves are similar
but the FE probe (pink) has a higher RFU due to the degradation of the
FL probes. Figure 10.7(b) shows a melt peak of 46 where the stem of the
hairpins starts to melt. The FE probe has a much clearer melt peak which
indicates higher stability. It was seen that the cool curve yielded very similar
results.
(a) Relative Fluorescent Unit (RFU) measurements vs. temperature
(b) Derivative curve -(d(RFU)/dT)
Figure 10.7: Melt curve 13 to 93 of 1 µM FL probe (red) and 1 µM FE
probe (pink) , SYBR Green measurements.
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10.2.4.2 Ferrocene vs Fluorescent Hairpin DNA with Target DNA
The ﬁnal qPCR results to be analyzed are both hairpin probes with target
DNA. Figure 10.8(a) again shows that the FE probe (blue) has a much higher
RFU, but with similar melting curves. Figure 10.8(b) shows that both hairpin
probes have a similar melt peak of around 72. The cool curves were very
similar, indicating the high stability of the hairpin probes.
(a) Relative Fluorescent Unit (RFU) measurements vs. temperature
(b) Derivative curve -(d(RFU)/dT)
Figure 10.8: Melt curve 13 to 93 of 1 µM FL probe (red) and 1 µM FE
probe (blue) with 3 µM target DNA, SYBR Green measurements.
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10.3 Conclusion
In this chapter, the operation of both the FL and FE probes was fully charac-
terized using qPCR measurements. The melting temperatures of all variations
were discussed, and the operation of the hairpins was compared, both with
and without target DNA. It was found that, unfortunately, the FL probes had
been contaminated and as such, would begin to degrade over time, causing
unstable results. It was seen that the FE probes yielded very stable and clear
results. The hairpin probes' operation were fully validated and therefore, in
the next sections, the immobilization of the hairpin probes can be validated
and thereafter electronic testing could begin. By referring to Figure 10.4(a)
and Figure 10.5(a), it can be seen that there is a very clear diﬀerence in ﬂuo-
rescence at 30, which is also the temperature at which the targets secondary
structures begin to melt. Therefore 30 would be an optimal temperature at
which to conduct electronic experiments. Higher temperatures may result in
more background signal as the hairpin probes may begin to open without the
presence of target DNA. Lower temperatures would also yield good results, but
the time for target DNA to hybridize to the hairpins may greatly increased, as
the hairpin probes are less likely to open and the target DNA may be in their
secondary structure.
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Hairpin Probe Immobilization
Validation
In Section 6.2 the FL probe was described and it was explained that it would
be used to validate the immobilization of hairpin probes to the carbon na-
noﬁbers via gold-Thiol bonding. In the previous Chapter 10, both the FL and
FE probes were validated in solution. In this chapter the immobilization onto
CNFs will be validated for both FL and FE probes.
Before the immobilization could begin, the carbon nanoﬁbers were laser cut
to the chosen size (10mm x 5mm) and gold was deposited at varying thick-
nesses as described in Section 5.3. The full immobilization protocol, as well
as all reagent preparation, including resuspension and dilution, is detailed in
Appendix D. The wash protocol for the immobilization and test baths are also
described in Appendix D. It was determined that the carbon ﬁber samples
were relatively hydrophobic and so the samples were dipped in Tris buﬀer
three times at 30 seconds each, with gentle movements.
11.1 Confocal Microscopy
In this section confocal microscopy is used to validate the immobilization of
FL and FE probes onto CNF samples. The Zeiss LSM780 confocal microscopy
system, belonging to the CAF unit of Stellenbosch University, was used for
all confocal imaging. In Chapter 10 it was discussed that a problem was
found with the FL probes during initial testing. It was during these confocal
imaging tests that the error was discovered and it was decided that the hairpin
operation should be validated ﬁrst by qPCR.
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11.1.1 Fluorescent Hairpin Probe Confocal Imaging
As mentioned, the FL probes did not perform as expected during confocal
imaging (seen in Appendix C). Although the results in Appendix C showed
failed hairpin operation, they did however conﬁrm the positive immobilization
of the probes via gold-thiol bonding. The ﬁrst confocal experiment, however,
did yield expected results, which is most likely due to the fact that the FL
probes had not yet degraded. The expected results are a low ﬂuorescent signal
on CNFs with FL probe only and no target DNA. It is then expected that
CNFs with Fl probe and target DNA should fully open the hairpins and the
ﬂuorescent signal should greatly increase.
A FL probe concentration of 5µM was immobilized on the CNFs. The Target
DNA concentration used was also 5µM. Two control samples were imaged, the
ﬁrst with FL probe only, and the second with target DNA only. Figure 11.1
depicts the results of the ﬁrst confocal experiment. This experiment was con-
ducted before the immobilization bath was manufactured, so it can be seen in
Figure 11.1(d), that the FL probe did not properly immobilize to the CNF.
It can be seen, however, that with a gold deposit greater than 5nm, the ﬂuo-
rescent signal is greater in comparison to the control sample with FL probe only
(Figure 11.1(f)). The results seen in Figure 11.1 validate the immobilization
technique, as well as the operation of the FL probe on a solid substrate. From
these results, it was decided that a gold coating thickness of 15nm would be
used in all future experiments.
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(a) 5nm Au, 5µM FL
Probe, 5µMTarget
DNA
(b) 10nm Au, 5µM FL
Probe, 5µM Tar-
get DNA
(c) 15nm Au, 5µM FL
Probe, 5µM Target
DNA
(d) Failed Sample
20nm Au, 5µM
FL Probe, 5µM
Target DNA
(e) 25nm Au, 5µM FL
Probe, 5µM Target
DNA
(f) Control Sample,
5µM FL Probe No
Target DNA
(g) Control Sample,
5µM Target DNA
No FL Probe
Figure 11.1: Confocal imaging of Fl probe on various thicknesses of gold coated
CNFs. Imaging taken at room temperature (20k magniﬁcation).
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 11. HAIRPIN PROBE IMMOBILIZATION VALIDATION 146
11.1.2 Ferrocene Hairpin Probe Confocal Imaging with
SYBR Green
For additional validation, it was decided to conduct confocal imaging of the
FE probes with SYBR Green. FE probe concentrations of 5µM and 1µM were
tested. Images were taken of CNF ﬁbers with FE probe only as well as FE
probe and target DNA. The target DNA concentration was three times higher
than that of the FE probe tests (15µM and 5µM respectively). Due to the fact
that SYBRGreen binds to any dsDNA, it is expected that there should be a low
ﬂuorescent signal when only FE probe is present and a higher ﬂuorescent signal
should be observed when target DNA is also present. Figure 11.2 shows that
the expected results are seen. Figure 11.2(b) shows slightly higher ﬂuorescence
than Figure 11.2(a) (1µM FE probe). Figure 11.2(d) shows a much greater
ﬂuorescence than Figure 11.2(c) (5µM FE probe). Figure 11.2(e) is a control
sample of SYBR Green only, no FE probe or target DNA is present.
(a) 1µM FE probe, no target
DNA.
(b) 1µM FE probe, 3µM target
DNA.
Figure 11.2: FE probe validation, SYBR Green confocal imaging
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(c) 5µM FE probe, no target DNA. (d) 1µM FE probe, 15µM target
DNA.
(e) SYBR Green only, no FE probe,
no target DNA.
Figure 11.2: FE probe validation, SYBR Green confocal imaging
11.2 Conclusion
Both the FL and FE probes immobilization and operation were validated by
confocal microscopy on the Zeiss LSM780 confocal microscopy system. It was
seen that the hairpin probes were suﬃciently and evenly immobilized across
the CNF surfaces and that the operation of the probes was not aﬀected. All
preliminary tests have been completed and the hairpin probe operation fully
characterized. In the next section the electronic testing can begin.
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Chapter 12
Biosensor Results
In Chapter 9 the electronic measurement system was fully validated and it
was found that an addition of TE buﬀer did not signiﬁcantly change the re-
sistive measurements of the CNFs with a maximum deviance of around 2%
of the base resistance. As previously mentioned, Skotadis et.al. [47] report a
resistive change of up to 51% of the base resistance and so it is hoped that the
current sensor design will yield similar results. In this chapter the biosensor
will be tested by comparing measurements with addition of Tris buﬀer with
measurements of the target DNA. The full test protocol can be found in Ap-
pendix D.8. All electronic experiments were conducted in a 30 environment.
12.1 Tris Resistive Measurements
Figure 12.1 depicts the resistive measurements of a CNF with only Tris buﬀer
added. It can be seen that there is no signiﬁcant change even after multiple
additions of Tris. It is also noted that there is some signiﬁcant noise throughout
the measurements that contributes to the majority of the calculated maximum
deviance.
148
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Figure 12.1: Resistive measurements of CNF during addition of 50 µL Tris
buﬀer.
12.2 10 µM FE Probe and 10 µM Target DNA
Resistive Measurements
The ﬁrst positive control biosensor tests are seen in Figure 12.2. CNFs were
prepared with 10 µM FE probe the day before testing, following the protocol
seen in Appendix D.1. It was found during testing that if measurements began
as soon as the CNFs were placed in the test baths, there would be a slow de-
crease in resistance for the ﬁrst few minutes, which is most likely due to the
physical pressure exerted on the CNFs by the electronic spring test probes or
the electrolytic interface of the electronic spring test probes and the Tris buﬀer
solution. It was therefore decided after these tests, that the CNFs would be left
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for 10 minutes before measurements began. Following these tests the electronic
test protocol found in Appendix D.8 was redeﬁned to ensure stability of testing.
Figure 12.2 shows that, unfortunately, with the addition of target DNA with
a concentration of 10 µM, there is no signiﬁcant change in resistance measure-
ments. It can also be seen that there are random peaks due to noise, which
contribute to the majority of the calculated maximum deviance.
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Figure 12.2: Resistive measurements of CNF during addition of 50 µL of 10
µM target DNA with 10 µM immobilized FE probe with 10 µM immobilized
FE probe.
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Figure 12.2: Resistive measurements of CNF during addition of 50 µL of 10
µM target DNA with 10 µM immobilized FE probe.
12.3 20 µM FE Probe and 10 µM Target DNA
Resistive Measurements
The second set of tests completed are seen in Figure 12.3. It was decided to
increase the concentration of the FE probe from 10 µM to 20 µM to ensure
maximum saturation of immobilized probes. Although the concentration of
the FE probe was known before immobilization, it is uncertain what percent-
age of the probes actually immobilize before the wash step. The results shown
in Chapter 11 do however indicate that the immobilization eﬃciency is good.
Figure 12.3 shows similar results to the previous tests in Section 12.2. Un-
fortunately there is no marked change in resistance after target DNA (10 µM)
is introduced. Figure 12.3(a) shows a slight decrease just after target DNA
is added, which indicates that there may be a very small underlying signal
change, but noise is also a possibility.
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Figure 12.3: Resistive measurements of CNF during addition of 50 µL of 10
µM target DNA with 20 µM immobilized FE probe.
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12.4 Circuit Adjustments
Due to the fact that the previous tests showed no positive results, it was de-
cided to adjust the electronic circuitry to reduce noise as much as possible.
The LPF cut-oﬀ was adjusted to 0.3 Hz (initially 18 Hz). By lowering the
LPF cut-oﬀ, rapid signal changes will be dampened, but the response of the
signal will also be slowed (3 seconds). This was done, in the hope that it
would reduce noise spikes and if the introduction of target DNA produced any
resistive change, this might still be measurable. It was also decided to increase
the constant current to 100 µA.
The Tris based tests, as well as the FE probe and Target DNA tests were
repeated with the new circuit adjustments and will be brieﬂy discussed. It
was noticed here that, even after a 10 minute waiting period before measure-
ments began, there was still a slight decrease in resistance over time, which can
be attributed to the electrolytic interface of the electronic spring test probes
and the Tris buﬀer solution.
12.4.1 Tris Resistive Measurements
Figure 12.4 depicts the resistive measurements when Tris buﬀer is added with
adjusted LPF cut-oﬀ and increased current. It can be seen that the noise has
been reduced signiﬁcantly with the maximum deviance almost a third of the
initial Tris based tests.
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Figure 12.4: Resistive measurements of CNF during addition of 50 µL of Tris
buﬀer.
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Figure 12.4: Resistive measurements of CNF during addition of Tris buﬀer.
12.4.2 20 µM Fe Probe and 10 µM Target DNA
Resistive Measurements
Figure 12.5 shows the results of CNFs with 20 µM immobilized FE probe with
an addition of 10 µM target DNA. It can be seen that the signals are far more
stable and that there is a deﬁnite decreasing gradient over time (most likely
due to electrolytic interface). Unfortunately there is still no clear indication
of a positive signal arising from the addition of target DNA. It can be seen
in some measurements that there is a slight disturbance just after a sample
has been added, most notably in Figure 12.5(a), but this is most likely due
to movement during the addition of the samples and not necessarily target
DNA. These results indicate that if there is a signal being produced by the
hybridization of target DNA to the FE probes, it is diﬃcult to directly detect
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the changes by resistive measurements alone. It was decided that the data
obtained would be post-processed in order to determine if a positive result
could be obtained.
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Figure 12.5: Resistive measurements of CNF during addition of 50 µL of 10
µM target DNA with 20 µM immobilized FE probe.
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Figure 12.5: Resistive measurements of CNF during addition of 50 µL of 10
µM target DNA with 20 µM immobilized FE probe.
12.5 Data Processing
Due to the fact that the measurements obtained did not yield any directly
positive results, it was decided that the data already obtained would be post-
processed and averaged in order to validate if there were any noticeable trends.
The post processing will be brieﬂy discussed.
12.5.1 Trend Line Fitting
Using Microsoft Excel 2013 a 6th order polynomial trend line was ﬁt to the
data. The trend lines were ﬁt to three minutes before and 15 minutes after the
samples were added. Figure 12.6 shows an example of a 6th order polynomial
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trend line ﬁt from an experiment where Tris buﬀer was added. The generated
equation and R2 value is seen in Equation (12.5.1).
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Figure 12.6: 6th order polynomial trend line ﬁt.
y = 3.106115642094990× 10−19x6 − 2.659535563395330× 10−15x5
+ 8.49582452517598010× 10−12x4 − 1.317097214308310× 10−08x3
+ 1.051638577088160× 10−05x2 − 4.119724028977490× 10−03x
+ 1.334809746700230× 10+01
R2 = 2.543338092892830× 10−01
(12.5.1)
12.5.2 Derivative Curve
A derivative curve was generated from the newly obtained trend line data. A
derivative point was generated by calculating the gradient between two data
points, one hundred places apart (Rn+100−Rn
tn+100−tn ). It was decided to calculate the
gradient between one hundred points to reduce error and produce smoother
results. Figure 12.7 shows the derivative curve of added Tris buﬀer. The Tris
buﬀer was added close to 600s (10 minutes), minus one hundred seconds for
the derivative gradient. A clear peak can be seen around 500s, indicating that
an addition of solution is measurable.
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Figure 12.7: Derivative Curve
12.5.3 Averaging of Polynomial Fit Curves
Each individual experiment was processed in the same way as described in
the previous section and thereafter the results of each respective test were
averaged. Each experiment was completed four times and thus the results
of each experiments' 6th order polynomial trend line ﬁt average is seen in
Figure 12.8. It can be seen in all curves that there is always a slight peak at
600s as this is the point at which the sample solution was added.
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Figure 12.8: 6th order polynomial averages of 4 experiments each.
Stellenbosch University  https://scholar.sun.ac.za
CHAPTER 12. BIOSENSOR RESULTS 159
12.5.4 Averaging of Derivative Fit Curves
Finally the derivative curves of each experiment were also averaged and the
results are seen in Figure 12.9. It can be seen that the results are almost
identical for all tests and a clear peak can be seen at 500s, indicating that the
circuitry is able to detect an addition of any solution, but that the FE probe
response when introduced to complimentary target DNA, does not generate a
measurable signal.
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(a) Addition of Tris buﬀer.
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(b) Addition of 10 µM Target DNA to
10 µM FE probe.
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(c) Addition of 10 µM Target DNA to
20 µM FE probe.
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Figure 12.9: Derivative curve averages of 4 experiments each.
12.6 Conclusion
The full biosensor system was tested in this chapter in order to determine
whether the introduction of complimentary target DNA to immobilized FE
probes on CNFs would generate a measurable signal. Probe and target DNA
concentrations of 10 µM and 20 µM were tested in diﬀerent variations and
compared to tests with only Tris buﬀer added. The electronic circuitry was
adjusted to increase the constant current and decrease the LPF cut-oﬀ. The
obtained data was then post-processed using polynomial trend lines and deriv-
ative curves, and it was found that the circuitry was able to detect the addition
of solution, but the addition of target DNA was not able to be detected. In
conclusion, it was not possible to detect the presence of target DNA using the
current system. Chapter 13 will discuss the various optimizations or alternat-
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ive solutions recommended in order to possibly increase the chances of being
able to detect complimentary target DNA.
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Chapter 13
Optimizations and Alternative
Solutions
It was found in Chapter 12, that the electronic biosensor was not able to
positively detect the presence of the Target DNA. It is strongly believed that,
with certain optimizations or alternative design decisions, target DNA can be
detected using resistive techniques. In this chapter a few optimizations and
alternative solutions will be brieﬂy discussed.
13.1 Optimizations
13.1.1 Biosensor Miniaturization
13.1.1.1 Sensor Miniaturization
The size of the biosensor can easily be miniaturized to reduce materials and
especially costly reagents used during biosensing. In a practical system, only
one test bath would be needed, which would vastly decrease the size of the test
bath. The main size limitation of the CNFs was the machining capabilities of
the test bath. With industrial machinery and more eﬃcient test bath designs,
it is possible to reduce the volume of the test bath and hence the size of the
CNFs. By reducing the test bath volume and CNFs, lower volumes of hairpin
probes and target DNA would be required. A smaller transducer may also
lead to a more sensitive and stable sensor. The most challenging problem is
the method of connecting the CNFs to the electronic measurement device. If
a more elegant method can be designed, instead of the electronic spring test
probes, the sensor can most deﬁnitely be miniaturized.
13.1.1.2 Electronic Miniaturization
In order to further miniaturize of the biosensor, it is also possible to reduce the
size of the electronics used. The most simple solution, with very few changes
161
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to the electronic design or programming, would be the use of an Arduino Nano
[78]. The Arduino Nano is a compact board similar to the Arduino UNO or
Leonardo, with a PCB size of 18 x 45 mm in comparison to the Leonardo's
PCB size of 53.3 x 68.6 mm. It is possible to reduce the electronic PCB still
further by redesigning a custom microcontroller, as there are many components
and unused pins on the Arduino Leonardo.
13.1.2 On-Chip Technology
13.1.2.1 On-Chip Heating
In order to make the biosensor more portable, it is necessary to include on-
chip heating of the CNFs and sample solutions. By using on-chip heating to
bring the CNFs and solutions to a single deﬁned temperature, the biosensor
would not need to be used in an incubated environment. An even more useful
function of on-chip heating would be the ability to vary the temperature at
deﬁned rates to deﬁned temperatures. This would allow the full characteri-
zation of electronic signal variations at diﬀering temperatures, much like the
ﬂuorescent measurements of a qPCR. By using temperature proﬁles, it would
be possible to validate the electronic response of a hairpin probe (i.e ferrocene
modiﬁcation), without the addition of target DNA.
13.1.2.2 On-Chip PCR Ampliﬁcation
If an on-chip heating device were to be included, it would be possible to conduct
PCR ampliﬁcation. PCR ampliﬁcation will be very useful in conjunction with
biosensors when the initial target DNA concentration is very low, and possibly
too low to obtain a measurable signal. PCR tests are brieﬂy described in
Section 2.2.1.1.
13.1.3 Electronic Filtering
It may be possible to increase the sensitivity or precision of the designed elec-
tronics measurements by introducing better ﬁltering techniques. By utilizing
a more eﬃcient and stable low pass ﬁlter, it may be possible to reduce re-
sistive and signal noise at the ADC input, which in turn would increase the
sensitivity and precision of the biosensor. It may be beneﬁcial to utilize an IC
based low pass ﬁlter instead of manually designing one. An example of such
a chip is the Maxim MAX7400ESA+, 8th-Order, Lowpass, Elliptic, Switched-
Capacitor Filters [79].
13.1.4 Fluorescent Label
In Section 10.2.3 it was found that the operation of the Cy3 ﬂuorescent modiﬁ-
cation was not temperature independent. As temperature increases the quantum
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yield of the Cy3 ﬂuorophore decreases and can decrease more than 70% at
temperatures > 65. It is suggested that a more stable ﬂuorescent label be
used such as TET, HET, ROX or Texas Red. It has been reported that these
ﬂuorophores do not show any signiﬁcant change in quantum yield with an
increase in temperature [76, p. 13][77].
13.1.5 Post-Processing Algorithms
If the alternative solutions described in Section 13.2, do not yield any directly
detectable resistive measurements, it may be necessary to improve the post-
processing techniques. In Section 12.5, the data was post-processed using
polynomial trend lines and derivative curves. It may be possible to generate
positive results by using more eﬃcient data processing. After suﬃcient data
has been collected, it may be possible to remove the eﬀect of solution addition
and thereafter normalize the data, negating the changes eﬀected by generic
solution addition and possibly being able to detect the target-probe DNA
hybridization. Other options may include more complex solutions, such as
machine learning.
13.2 Alternative Solutions
13.2.1 Nanoﬁbers
When the biosensor design began, it was assumed that the conductive substrate
should be highly conductive due to the fact that most ﬁber based biosensors
used some form of carbon [55]. It was believed that a highly conductive sub-
strate would be more signiﬁcantly aﬀected by a biological reaction than a less
conductive substrate. Due to the results found in Chapter 12, it is now as-
sumed that the opposite may be true. It is now believed that, because the
CNFs are directly connected between the electronic spring test probes, elec-
trons will ﬂow with more probability through the center of the CNFs and not
the surface where DNA binding takes place.
It is possible that a more signiﬁcant measurable signal may be obtained with
the current design, by using less conductive nanoﬁbers. It is suggested that an
alternative conductive nanoﬁber be investigated, such as Polyaniline (PANI),
doped with a conductive substance (carbon nanotubes, gold, etc.). By doping
a non-conductive polymer with a conductive nano-material, it will be possible
to control the conductivity of the nanoﬁbers created.
With reference to research by Skotadis et al. [47], it is suggested that a con-
ductive nanoﬁber be electro spun with a relatively low conductivity (higher
resistance). Skotadis et al. [47] designed an IDE based biosensor that meas-
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ures resistive change. Here, resistances before biological reactions were tested
in the range of 600 kΩ to 1-10 MΩ. It was found that a base resistance of 700
kΩ, produced the greatest resistive change during a hybridization event. It
should be noted that with an increase in resistance, a considerable increase in
resistive noise is expected and thus a change in sensor design may be required,
and an optimal base resistance would need to be investigated.
13.2.2 Electrolytic Interfaced Experiments
The biosensor designed, utilized a solid interface of the CNFs between the
electronic spring test probes. An alternative solution would be to disconnect
the solid interface between the CNFs and electronic spring test probes. By
doing this the CNFs will no longer be the majority charge carrier and the
experimentation would become electrolytic in nature, as the salt solution (Tris
buﬀer) would complete the circuit by introducing a series resistance between
the CNFs and the electronic spring test probe. The diﬃculty with this solution
would be that the overall resistance, and hence resistive noise, will greatly
increase. In order to obtain a stable system, the distance between the CNFs
and the electronic spring test probe would need to be as small as possible
without physically touching. The electronic biosensor model of this proposed
solution is seen in Figure 13.1. This solution would align much closer to
traditional electrochemical biosensing methods such as EIS or Voltammetry.
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Figure 13.1: Electrolytic Interface Electronic Model.
13.2.2.1 Screen-Printed Electrodes
In order to simplify the manufacture of the above proposed alternative solu-
tion, it is possible to order pre-fabricated screen-printed carbon electrodes.
Examples of such electrodes can be found at dropsens.com [80]. These types
of electrodes are commonly used in Voltammetric based techniques but can
still be used for resistive based measurements by ignoring one of the three
electrodes. It is also possible to order modiﬁed screen-printed carbon elec-
trodes, such as gold nanoparticles modiﬁed screen-printed carbon electrodes
[81], which may aid in the immobilization of thiol modiﬁed DNA probes. If
the gold modiﬁcation is not suﬃcient, gold can still be deposited via sputter
coating using masking techniques to allow deposition only where necessary.
The screen printed carbon electrodes can be seen in Figure 13.2.
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Figure 13.2: Screen printed carbon electrodes [82].
13.2.2.2 Interdigitated Electrodes
In a similar design solution described by Skotadis et al. [47], IDEs may be
used to produce an electrolytic interfaced based design. Here CNFs would not
be used and IDEs would be used instead. By depositing gold in the gaps of
the IDEs, the resistance can be controlled to an acceptable value. The major
diﬀerence between the design by Skotadis et al. and this proposed solution,
is the use of ferrocene modiﬁed hairpin probes with a thiol linker. The FE
probes would bind to the deposited gold and it is possible that the use of FE
modiﬁed hairpin probes may result in a more sensitive biosensor.
13.3 Conclusion
It is strongly believed that a resistive based biosensor can be used to detect the
presence of HIV DNA. The methods used unfortunately did not produce posi-
tive results but this may be made possible by optimizing the current solution or
slightly altering the design with alternative solutions. This chapter described
various optimization options of the biosensor by miniaturization, the use of on-
chip technology (speciﬁcally on-chip heating), electronic ﬁltering, and ﬁnally
more complex post-processing techniques. Two alternative solutions were dis-
cussed that are believed may greatly improve the operation of the biosensor.
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The ﬁrst, the use of alternative nanoﬁbers that are less conductive in compar-
ison to CNFs, and the second, are electronic measurements over an electrolytic
solution, rather than a solid interface, by use of either screen-printed carbon
electrodes or IDEs. It is believed that an electrolytic interface may provide a
much larger electrochemical change during a hybridization event than that of
a solid interface.
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Conclusion
The aim of this study was to assess whether a biosensor could be designed us-
ing electrochemical techniques and hairpin probe DNA to detect the presence
of HIV ssDNA. It was decided that a resistive based electrochemical technique
would be used to electronically detect the presence of HIV DNA.
The concept of biosensors and the biosensor model was investigated, and it
was determined that there were four main design decisions to be made when
designing a biosensor. Due to the fact that the desired sensing technique was
electrochemical in nature, the ﬁrst design decision was to use CNF mats as the
transducer. It was then decided that hairpin probe DNA would be used as the
biorecognition element, as hairpin probes have been shown to be highly sens-
itive and with added modiﬁers, may produce greater electrochemical signals.
The third design decision was how the biological element would be attached
to the CNF mats. It was decided that a thiol modiﬁer be added to the DNA
hairpin probes to allow gold-thiol bonding. Diﬀering thicknesses of gold sput-
ter coating were investigated and it was found that a gold layer >10 nm was
highly eﬀective for immobilization of DNA on CNFs.
The fourth design decision was the electronic sensing system. A high precision,
very low current ohmmeter was designed to measure a change in resistance of
the biosensor. It was decided that a constant current be used with a high
resolution ADC in order to measure very small changes in voltage across the
transducer when a biological reaction occurs in order to calculate the change
in resistance. It was found that the designed circuitry was very precise, with <
1% error in precision when measuring traditional resistors. It was found that
precision error increased slightly when wet transducer ﬁbers were tested, and
that could be attributed to the electrolytic interface between the electronic
spring test probes.
A graphic user interface was designed to communicate with the electronic
circuitry in order to conduct, log and view current biosensing tests. The GUI
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program proved to be very stable and displayed and recorded all data for post
processing at a later stage.
A number of mechanical designs were produced, which included the physical
biosensor testing setup and mount. The biosensor mechanical designs were
used as a prototype and it was mentioned that these can easily be optimized
and miniaturized. An immobilization bath was also designed in order to assist
with the diﬀerent preparation steps prior to testing.
A ﬂuorescent label was initially used as a modiﬁcation on the designed DNA
hairpin probes in order to validate immobilization and hairpin operation. The
immobilization validation proved to be highly successful and stable and was
validated by confocal microscopy. It was initially found that there were some
complications with the hairpin probe operation validation, as unexpected re-
sults were observed. qPCR was used to validate the hairpin probe operation
in solution and it was found that the TE buﬀer was degrading the ﬂuorescent
hairpin probe DNA. A Tris buﬀer was used instead and the hairpin operation
was fully validated and successful. A ferrocene label was used as the second
hairpin probe DNA design, to be used in electronic testing. The ferrocene
hairpin probe DNA was also fully validated via qPCR using a SYBR Green
dye.
The electronic tests did not yield positive results, it was found that no mea-
surable change in resistance was found with the addition of target DNA to the
hairpin probe DNA. Adjustments were made to the circuitry to reduce noise,
but no change in results was found. Finally, the data obtained was post-
processed to determine whether trend lines may be used to detect a change
in resistance when target DNA was introduced. It was found that by using
6th order polynomial trend line ﬁt curves and derivative curves, an addition of
any sample could be detected, but it was not possible to diﬀerentiate between
a positive control test and a negative control test.
Due to the fact that the designed biosensor was unable to detect the pre-
sence of HIV DNA, a number of optimizations and alternative solutions were
given. It was suggested that miniaturization of the biosensor would reduce
the use of costly reagents and possibly provide a more sensitive system. On-
chip heating was also discussed, as that would provide very useful tools in
the characterization of the electronic operation of the designed hairpin probes.
It was also suggested that a diﬀerent ﬂuorescent label be used for the valid-
ation of the hairpin probes, as it was found that Cy3 is not temperature stable.
It is strongly believed that is possible to design a biosensor that can detect a
change in resistance due to a DNA hybridization event. It was suggested that,
with some alternative solutions to the current biosensor design, the desired
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results may be possible. It was discussed that if the current biosensor design
remains relativity unchanged, by using a less conductive alternative material
for the nanoﬁbers, there may be a greater electrochemical change to be meas-
ured. It was also discussed that with slight alterations to the current design,
the system could be changed from a solid interface to an electrolytic interface.
It is believed that an electrolytic interface has a much higher probability of
generating the results needed to be measured by the biosensor. It was sugges-
ted that screen-printed electrodes or interdigitated electrodes be pre-ordered
to simplify design and provide a more stable system.
In conclusion, although the desired results were not obtained, it is believed
that with a few minor changes to the current design, a resistive based bio-
sensor that can detect the presence of HIV ssDNA may be possible.
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Appendix A
Datasheets
A.1 Rapid Anti-HIV test
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A.2 Target DNA Sequence Datasheet
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A.3 Fluorescent DNA Probe Datasheets
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A.4 Ferrocene DNA Probe Datasheet
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Appendix B
Electronic Component Datasheets
All electronic component datasheets can be found by following the correspond-
ing URL provided.
B.1 ON Semiconductor, 9V Regulator,
MC7800
https://www.onsemi.com/pub/Collateral/MC7800-D.PDF
B.2 Texas Instruments, 5V Precision
Regulator, LM4120
http://www.ti.com/lit/ds/symlink/lm4120.pdf
B.3 Microchip, 3.3V Precision Regulator,
MCP1501
http://www.mouser.com/ds/2/268/20005474B-875837.pdf
B.4 Texas Instruments, Adjustable Constant
Current Source, LM334
http://www.ti.com/lit/ds/symlink/lm334.pdf
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B.5 Analog Devices, Single-Supply
Input/Output Operational Ampliﬁer,
AD8629
http://www.analog.com/media/en/technical-documentation/data-sheets/
AD8628_8629_8630.pdf
B.6 Linear Technology, 24-bit-2
channel-Analogue to Digital Converter,
LTC2402
http://cds.linear.com/docs/en/datasheet/24012f.pdf
B.7 Analog Devices, Programmable CMOS
linear regulator, ADP123
http://www.analog.com/media/en/technical-documentation/data-sheets/
ADP122_123.pdf
B.8 Texas Instruments, Precision Timers,
NE555PWR
http://www.ti.com/lit/ds/symlink/ne555.pdf
B.9 Harwin, 3mm Pitch Spring Test Probe
with Concave Tip
http://docs-europe.electrocomponents.com/webdocs/1508/0900766b81508754.pdf
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Appendix C
Failed Hairpin Probe Experiments
In Chapter 10, it was discussed that the FL probes began to yield unexpec-
ted results. In this chapter the failed experiments will be brieﬂy discussed. As
mentioned previously, it is expected that when there is no target DNA present,
the hairpin probes should be closed and the ﬂuorescent signal should be low.
It is then expected that with an increase in temperature, the ﬂuorescent signal
should begin to increase as the hairpins begin to open. When target DNA
is added it is expected that the ﬂuorescent signal should greatly increase at
any temperature in comparison to the FL probe alone. CNF samples were
prepared with FL probe the day before and left overnight. Target DNA was
then incubated the day of confocal imaging. The target DNA was incubated
with the immobilized FL probe for 1 hour at 37. Confocal images were taken
using a Zeiss LSM780 confocal microscopy system belonging to the CAF unit
of Stellenbosch University. It was possible to obtain images at speciﬁc user
deﬁned temperatures and so images of the samples were recorded at 25, 37
and 50. Figure C.1 and Figure C.2 show that the reverse of the expected
results are seen. The experiments with FL probe and target DNA yield lower
ﬂuorescence signal than that of experiments with FL probe only. These exper-
iments were repeated multiple times. 50 incubation temperature was also
tested with very similar results. Although the hairpin operation testing failed,
these tests did conﬁrm the positive binding of the gold-thiol reaction.
182
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(a) Imaged at 25. (b) Imaged at 37. (c) Imaged at 50.
Figure C.1: Failed confocal experiment, FL probe only, incubated at 37.
(a) Imaged at 25. (b) Imaged at 37. (c) Imaged at 50.
Figure C.2: Failed confocal experiment, FL probe and target, incubated at
37.
Due to the above failed experiments, it was then decided to validate the hair-
pin probe operation in solution via qPCR. Figure C.3 shows the results of a
qPCR measurement of the FL probe alone. It can be seen that the ﬂuorescent
signal reaches a maximum value at 29 and thereafter drops dramatically.
Figure C.4 shows that with the addition of target DNA, there is no signiﬁcant
change in ﬂuorescent response, indicating that there is no target DNA to hair-
pin probe hybridization. These results are vastly diﬀerent in comparison to
the expected results seen in Section 10.2.3. It was determined that the initial
TE buﬀer used for experiments were the reason for the failed experiments.
The TE buﬀer was produced with 10mM Tris and 1mM EDTA, both of which
dissolved from a solid powder. It is assumed that either the TE buﬀer was
contaminated with nuclease or the salt concentration was not optimal. The
issues seen were resolved by using speciﬁcally nuclease free solutions as well
as pre-ordered tris buﬀer as described in the qPCR protocol (Appendix D.9).
Due to the fact that the FL probe was resuspended in the initial TE buﬀer,
the FL probe continues to degrade when aliquotes are thawed before use.
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(a) Melt Curve
(b) Derivative curve -(d(RFU)/dT)
Figure C.3: Failed qPCR experiment, FL probe only
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(a) Melt Curve
(b) Derivative curve -(d(RFU)/dT)
Figure C.4: Failed qPCR experiment, FL probe and target DNA
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Appendix D
Protocols
D.1 Immobilization Protocol
The basic immobilization steps are as follows:
1. Gold coated CNF samples prepared and ready for use.
2. Hairpin probe DNA resuspended in Tris buﬀer to produce stock solution.
3. Dilute stock solution of hairpin probe DNA to desired concentration in
Tris buﬀer.
4. Rinse CNFs in Tris buﬀer three times and placed in immobilization bath.
5. 50 µL of desired probe concentration placed on individual CNFs.
6. Immobilization bath covered in foil and placed in oxidation chamber
overnight (12h+) under 100% relative humidity.
7. Target DNA resuspended in Tris buﬀer.
8. Target DNA diluted to desired concentration in Tris buﬀer.
9. CNFs individually rinsed three times in Tris buﬀer by dipping continu-
ously.
10. CNFs placed in clean immobilization bath or test bath.
During preparation for confocal microscopy, selected CNFs have 50 µL target
DNA placed at desired concentration. The remaining CNFs are left without
target or are control samples with no DNA present at all. All CNFs are left in a
30 environment for 1.5h and thereafter taken for imaging. During electronic
testing, the electronic test protocol is followed (Appendix D.8).
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D.2 Stock Reagents
C1× V 1 = C2× V 2 (D.2.1)
D.2.1 Nuclease-Free Water
Nuclease-Free water from QIAGEN was used. Cat. No. 129114, 10 x 50
ml nuclease-free water was prepared without the use of diethylpyrocarbonate
(DEPC); provided in 10 x 50 plastic tubes.
D.2.2 Tris Buﬀer Protocol
T2444 Trizma hydrochloride solution was used as the base for all tris buﬀer
and dilutions of reagents. BioPerformance Certiﬁed, pH 7.6, 1 M, is suitable
for cell culture.
Trizma is a Pre-mixed solution of TRIZMA Base and TRIZMA HCl to provide
commonly used pH values for Tris buﬀers. The stock comes in 1mM concentra-
tion and the desired tris buﬀer concentration is 5mM. Using the common dilu-
tion equation seen in Equation (D.2.1), the desired volume of Trizma and nuc-
lease free water can be calculated to dilute the tris buﬀer. It was decided that
a diluted solution of 10mL would be required therefore from Equation (D.2.2),
it can be seen that 50 µL of Trizma is required. In order to calculate the
amount of nuclease free water, the Trizma volume is simply subtracted from
the total desire volume (10 mL - 50 µL = 9.95 mL).
C1× V 1 = C2× V 2
1000mM × V 1 = 5mM × 10mL
V 1 = 0.05mL
V 1 = 50µL
(D.2.2)
D.3 TE Buﬀer Protocol
500mL of 1xTE buﬀer was prepared with 10mM Tris (Tris Base C4H11NO3,
Crystals) and 1mM EDTA(Na+). The Tris has a Mr = 121.1 and the EDTA
a Mr = 372.24. Using Equation (D.3.1) and Equation (D.3.2), the desired
weight of both Tris and EDTA can be calculated.
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n =
m
Mr
n = moles of substance being dissolved
m = mass in grams (g)
Mr = relative molecular mass
(D.3.1)
C =
n
V
C = concentration of solution in mol (M)
n = moles of substance being dissolved
V = volume of solution in litres (L)
(D.3.2)
Tris calculations:
n = V × C
n = 500mL× 10mM
n = 0.005
(D.3.3)
m = n×Mr
m = 0.005× 121.1
m = 0.6055g
(D.3.4)
EDTA calculations:
n = V × C
n = 500mL× 1mM
n = 0.0005
(D.3.5)
m = n×Mr
m = 0.0005× 372.24
m = 0.18612g
(D.3.6)
The resulting TE buﬀer had an initial pH of 9.3. A concentrated HCl solution
was slowly added until a pH of 8 was reached.
D.4 Fluorescent Probe DNA Resuspension
It can be seen in Appendix A.3 that a 100 µM stock solution can be prepared
by the addition of 390 µL buﬀer. As mentioned, the FL probe was resuspended
in TE buﬀer which unfortunately caused the FL probe to degrade.
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D.5 Ferrocene Probe DNA Resuspension
It can be seen in Appendix A.4 that the FE probe was delivered in a 0.305
µmole yield. Using the advice for resuspension from Appendix A.3, the re-
quired Tris buﬀer volume can be calculated to generate a 100 µM stock con-
centration of FE probe.
Tris volume(µL) = 10× nanomoles of oligo
= 10× 304
= 0.05mL
= 3.04mL (100µM stock)
(D.5.1)
It was decided that a 1000 µM stock should be prepared instead. The Tris
volume required was divided by 10, therefore 304 µL of Tris buﬀer was required.
D.6 Stock Solution Dilutions
In order to dilute stock hairpin probe and target DNA to the desired concen-
trations, a ﬁnal solution is decided and the common dilution equation seen in
Equation (D.2.1) is used. An example of a 100 µM stock dilution to a 100 µL
volume at 10 µM concentration is shown in Equation (D.6.1).
C1× V 1 = C2× V 2
100µM × V 1 = 10µM × 100µL
V 1 = 10µL (Required volume of stock solution)
Tris volume = 100µL− 10µL
Tris volume = 90µL
(D.6.1)
D.7 Bath Wash Protocol
Before every experiment, the test baths and immobilization baths were fully
washed to remove all DNA and to sterilize the baths to avoid contamination
during testing. The wash steps are as follows:
1. Rinse in tap water.
2. Leave in NaOH solution 10 minutes.
3. Rinse in tap water.
4. Leave in JIK solution for 10 minutes.
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5. Rinse in tap water.
6. Wash with soap and hot water.
7. Rinse in tap water.
8. Rinse in 70% Ethanol.
9. Rinse in MilliQ DI water.
10. Wrap in foil.
11. Autoclave
12. Dry in 60 oven.
NaOH is used to denature any remaining DNA left in the baths. The NaOh
is prepared by adding 4g of NaOH crystals to 500ml of DI water. JIK is used
to properly clean and bleach the baths. The soap and hot water are used
to remove any NaOH and JIK that may have remained. Ethanol is used to
remove soap and any marking made by marker pens and ﬁnally DI water is
used as the last rinse step. The autoclave is used as a ﬁnal sterilization step
before the baths are used again.
D.8 Electronic Test Protocol
After step 10 of the immobilization protocol. The ﬁbers are ready for electronic
testing. The Electronic test protocol will be brieﬂy described.
1. Step 10 of immobilization protocol completed (Appendix D.1).
2. Test Baths cleaned using bath wash protocol (Appendix D.7).
3. PC and electronic system setup in 30 20min before ﬁrst test. This is
to allow the test bath to reach 30 as well.
4. 100 µL Tris buﬀer placed in eppendorf tube and left in 30 with elec-
tronics.
5. Target DNA dilution prepared.
6. A single CNF with probe DNA placed in test bath.
7. 10 µL Tris buﬀer placed on center of CNF. This is done to ensure Tris
saturation which reduces signal noise when target DNA is placed and
also insured DNA hydration to avoid degradation.
8. Test bath lid is placed and fastened.
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9. System is left for 10 minutes to allow CNF ﬁbers to settle due to physical
pressure of the electronic spring test probes.
10. Remaining untested CNFs are put on ice to avoid evaporation.
11. The Biosensor software is opened with all test details ﬁlled in.
12. "Base resistance" is clicked and "Read Sample" is begun directly after.
13. System reads sample and displays for 10 minutes.
14. A note is left on the software just before the target is added in order to
post-process data with and without target.
15. 50 µL Target DNA at desired concentration is placed in hole of test bath
lid.
16. System continues to read until timer has stopped. The maximum devi-
ance is calculated and all data saved.
D.9 qPCR Preparation Protocol
The qPCR experiment protocol will be brieﬂy described in this section. 10
diﬀerent tests were conducted all in triplicate and all simultaneously. The
tests were grouped in 4 main categories labelled A-D. The tests in group A
are all FL probe based tests, group B are FE probe based tests, group C are
target DNA based tests and group D are control tests to ensure the SYBR
Green dye was operating correctly.
1 2 3 4 5 6 7 8 9 10 11 12
A A1 A1 A1 B1 B1 B1 C1 C1 C1 D1 D1 D1
B A2 A2 A2 B2 B2 B2 C2 C2 C2 D2 D2 D2
C A3 A3 A3 B3 B3 B3
D
E
F
G
H
Table D.1: 96 well CFX qPCR Plate Setup.
Before the test samples were placed in the CFX plates, reagents needed to
be prepared in order to make master-mixes for each test triplicate. Each
of these reagents will be brieﬂy discussed. The Tris buﬀer was described in
Appendix D.2.2.
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D.9.0.1 SYBR Green Master Mix
KAPA SYBR® FAST qPCR Master Mix (2X) kit - kk4602 was used as the
detectable SYBR Green dye. Due to the fact that the master mix is already
in a 2X concentration, the SYBR Green was only diluted to 1X when added
to the ﬁnal CFX qPCR plates.
D.9.0.2 Fluorescent Hairpin Probe DNA
The FL probe was resuspended in 100 µM stock aliquots. The stock solution
was diluted to a 10 µM master mix which would then be further diluted to a 1
µM concentration in the qPCR plates. It was determined that at least 30 µL
of 10 µM FL probe solution would be needed to conduct all necessary tests,
this includes adjustments for pipetting error, therefore the required volume of
100 µM FL probe and tris buﬀer can be calculated as seen in Equation (D.9.1):
C1× V 1 = C2× V 2
100µM × V 1 = 10µM × 30µL
V 1 = 3µL (100µM FL probe)
Tris volume = 30µL− 3µL
= 27µL
(D.9.1)
The result is 30 µL of a 10 µM FL probe concentration.
D.9.0.3 Ferrocene Hairpin Probe DNA
The FE probe was resuspended in 1mM (1000 µM) stock aliquots. The stock
solution was diluted to a 10 µM master mix which would then be further
diluted to a 1 µM concentration in the qPCR plates. It was determined that
at least 30 µL of 10 µM FE probe solution would be needed to conduct all
necessary tests. Due to the fact that the stock concentration is relatively high,
to avoid pipetting error, it was decided that at least 100 µL of 10 µM FE
probe would be prepared and any unused solution would be kept for future
tests, therefore the required volume of 1mM FE probe and tris buﬀer can be
calculated as seen in Equation (D.9.2):
C1× V 1 = C2× V 2
1000µM × V 1 = 10µM × 100µL
V 1 = 1µL (1000µM FE probe)
Tris volume = 100µL− 1µL
= 99µL
(D.9.2)
The result is 100 µL of a 10 µM FE probe concentration.
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D.9.0.4 Target DNA
The target DNA was resuspended in 100 µM stock aliquots. The stock solution
was diluted to a 10 µM master mix which would then be further diluted to a
3 µM concentration in the qPCR plates to ensure that there was more than
enough target DNA to hybridize to the probe DNA. It was determined that
at least 36 µL of 10 µM target DNA solution would be needed to conduct
all necessary tests, this includes adjustments for pipetting error, therefore the
required volume of 100 µM FL probe and tris buﬀer can be calculated as seen
in Equation (D.9.2):
C1× V 1 = C2× V 2
100µM × V 1 = 10µM × 36µL
V 1 = 3.6µL (100µM target DNA)
Tris volume = 36µL− 3.6µL
= 32.4µL
(D.9.3)
The result is 36 µL of a 10 µM target DNA concentration.
D.9.0.5 Target PCR Product
The Virology Department of Stellenbosch University provided a linear stand-
ard PCR product to also be tested as a template to the hairpin probes. The-
oretically the PCR should produce a high concentration of ssDNA that is
complimentary to the hairpin probes. Due to the fact that the PCR product
is an ampliﬁed solution, the exact concentration is unknown but would be a
relatively high concentration above 50 µM. It was decided that the linear PCR
product would be 4X diluted for these tests
D.9.0.6 Genomic Control dsDNA
Random non-human genomic dsDNA was provided to be used as a control test
to ensure the operation of the SYBR Green dye. This was very long dsDNA
that would provide a positive SYBR Green signal after the 95 heat step.
After the test was complete, it was seen that there was a clear melt curve of
the genomic dsDNA and thus the SYBR Green was operating correctly.
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